Development of thin layer mortared concrete masonry by Thamboo, Julian Ajith
DEVELOPMENT OF THIN LAYER MORTARED 
CONCRETE MASONRY  
Julian Ajith Thamboo BSc (Hons) 
 
 
 
 
Submitted in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy  
 
 
School of Civil Engineering and Built Environment 
Faculty of Science & Engineering  
Queensland University of Technology  
 2014 
 
 
  
 Page i 
 
Abstract 
The thin layer mortared concrete masonry is an emerging construction system. Therefore, 
there exists a need for data on the response of this form of masonry construction subject to 
various states of stress so that thin layer mortared masonry could be practiced as a legitimate 
structural system. This PhD aims at developing datasets for thin layer mortared concrete 
masonry through systematic experimental and numerical studies.  
 
A range of concrete units (Solid, full size hollow and half scale) with varying dimensions and 
sizes have been used to construct thin layer mortared concrete masonry specimens to truly 
reflect the field practices. A micro finite element model incorporating the contact surfaces 
between the units and mortar layers has been used to link the data from specimens of 
different constructs. 
 
The main challenge in thin layer mortared concrete masonry is to manufacture units with 
tight height variance. The effects of joint thickness variance due to unit height variance, unit 
surface texture, polymer cement mortar types and mortar application methods to shear and 
flexural bond characteristics were examined using solid concrete units whose surface textures 
were modified using grinding and sand blasting techniques. The effects of curing methods 
and ageing to the shear and flexural bond characteristics were investigated with full size 
hollow concrete blocks with PCM mortar. A novel non-contact, digital image correlation 
method was used to determine the deformation characteristics of the masonry specimens. 
 
The finite element model predictions have been validated with a large number of experiments 
involving testing of flexural beams, triplets, prisms and panels that subject the unit – mortar 
interfaces to flexural tension, shear, compression and combined shear and compression.  The 
validated finite element has been used to predict the biaxial behaviour of thin layer mortared 
masonry. 
 
A total of 372 specimens were constructed and tested and the results of which were used to 
either calibrate or validate the finite element model.  The studies generated several 
conclusions, the key amongst them are: 
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(1) Polymer cement mortar exhibits consistent bond properties that are better than the 
conventional 10 mm cement mortared masonry. 
(2) Unit surface texture and mortar application methods influence the bonding 
characteristics. 
(3) The thin mortar layer and increased bond strength contribute to the increase in 
compression capacity of masonry. 
(4) The existing modelling methods and design theories of conventional masonry are 
applicable to thin layer mortared masonry.  
 
From 147 shear and 147 flexural bond tests carried out in this PhD research, characteristic 
shear and flexural bond strengths were determined and recommend to AS 3700 (2011). 
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Chapter 1 : Introduction  
 
1.1 Background  
Masonry is still the most common material for housing and medium-rise apartment and office 
buildings in developed and developing countries. The construction of masonry is a simple 
process of repetitively laying units (stone, bricks or blocks), either with or without the mortar 
binder. Although masonry is one of the oldest construction methods aligned to the human 
civilisation, it is still a major competitor in modern construction. Conventional masonry 
construction method is slow and labour intensive compared to present day’s concrete and 
steel constructions. With the increase in new construction activities, demand for skilled 
labour is on the rise and the availability of such people is on the decline; consequently 
masonry industry is adversely affected. With a view to improving productivity and quality of 
masonry construction block, reinforced, dry stack and thin layer mortared masonry systems 
have been introduced and they have transformed and broaden the applicability of masonry 
construction.  
 
Thin layer mortared masonry technology originated more than 15 years ago in Europe. 
Nowadays thin layer mortared masonry construction is mostly practiced with autoclaved 
concrete, calcium silicate and perforated clay units for load bearing walls applications (Da 
Porto, 2005). The thin layer mortared masonry was introduced to reduce the labour 
dependences as the mortar layer can be applied with simpler tools (Da Porto, 2005; Nicholas 
et al., 2008). 
 
Thin layer mortared masonry construction system relies on thin layer mortar joints which are 
created using a cementitious/non-cementitious mortar. These mortars cure faster and allow 
erection of walls quicker than the conventional construction. Therefore the construction of 
thin layer mortared masonry system is found to be two to three folds faster than the 
conventional masonry construction. 
 
In recent times, Australian masonry industries have shown interest to develop thin layer 
mortared masonry. Austral bricks Co. Pty Ltd developed a thin layer mortared clay masonry 
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system called “Austral slick bricks” (Branz appraisal certificate No. 99/014). Also Baines 
Masonry has developed a thin layer mortared concrete masonry system called “Masonry 
bond” (http://www.bainesmasonry.com.au). However a lack of understanding of material 
characteristics and design guidelines to design these types of masonry system hinder the 
uptake of this masonry construction in Australia.  
 
Not much research efforts have been made to clearly understand the essential parameters that 
are needed to develop thin layer mortared concrete masonry. The unit-mortar bonding 
characteristics of thin layer mortared concrete are not well explored. Additionally the 
behaviour of thin layer mortared masonry under uniaxial compression, combined shear-
compression and biaxial stresses are not well documented in literature.  
 
Therefore systematic research studies have been undertaken to properly address these gaps in 
understanding of thin layer mortared concrete masonry. Consequently as part of the ARC 
Linkage research project (LP0990514), this thesis has been developed to extend the 
knowledge on thin layer mortared concrete masonry system at Queensland University of 
technology. 
 
1.2 Aim and Objectives  
The aim of this PhD research is to investigate and contribute to the knowledge of developing 
thin layer mortared concrete masonry. The aim is achieved through the following objectives: 
 
1. Review the available literature on masonry to identify the gaps in the knowledge. 
2. Study the influence of unit surface characteristics, mortar compositions, mortar 
application methods, joint thickness variations and curing methods to bonding 
characteristics of thin layer mortared concrete masonry. 
3. Establish a numerical modelling method to better understand the behaviour thin layer 
mortared concrete masonry under different state of stresses. 
4. Numerically and experimentally study the compressive behaviour of thin layer mortared 
concrete masonry. 
5. Numerically and experimentally investigate the combined shear-compression and biaxial 
behaviour of thin layer mortared concrete masonry. 
Chapter 1 Page 3 
 
6. Develop thin layer mortared concrete masonry bond strength data for the design of thin 
layer mortared concrete masonry walls. 
 
1.3 Research significance  
The knowledge of thin layer mortared concrete masonry is limited. Therefore this research is 
significant as its outcomes will contribute towards better understand of thin layer mortared 
concrete masonry system. The basic parameters that affect the constructability of thin layer 
mortared concrete masonry are investigated in this PhD research. In addition, the behaviour 
of thin layer mortared concrete masonry under different states of stresses is examined through 
experiments and numerical studies. From the series of bond tests carried out in this research, 
characteristic shear and flexural bond strength values are recommended to Australian 
masonry design standard (AS 3700, 2011).  
 
1.4 Thesis structure  
This thesis contains ten chapters presenting the experimental and numerical study of thin 
layer mortared concrete masonry. The content for each chapter is briefly summarised below: 
 
The chapter 2 presents the literature review of thin layer mortared and conventional masonry 
system. Since the thin layer mortared masonry system is relatively new, not many studies 
have been carried out to date and only the available data are covered to find out the gaps in 
knowledge. In order to develop the methodologies for research objectives, the literature 
reviews on conventional masonry have been carried out with the view of investigating 
masonry bond characteristics, compressive strength, combined shear-compression behaviour, 
biaxial strength and numerical modelling techniques of masonry. 
 
The chapter 3 presents the research methodology of this thesis.   
 
The chapter 4 explains the construction and testing procedures of thin layer mortared 
concrete masonry specimens made with surface altered blocks for bond characterisation. 
Parameters of unit surface textures, methods of mortar application, mortar composition and 
joint thickness variance are studied through series of shear and flexural bond studies. The 
details of bond strength, failure modes and bond deformation characteristics are included.  
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The chapter 5 presents a nonlinear two dimensional finite element modelling technique to 
examine the behaviour of micro assemblies of thin layer mortared concrete masonry. The 
developed FE modelling technique is calibrated with experimental results from chapter 4. 
Thereafter the calibrated FE models are used to predict the behaviour of thin layer mortared 
concrete masonry with different block types and stress states.   
 
The chapter 6 presents FE predictions of shear and flexural bond behaviour of thin layer 
mortared concrete masonry made with full size hollow concrete blocks. The FE predictions 
are validated with experimental shear and flexural bond studies with full size hollow concrete 
blocks. Additionally the effects of curing methods and ageing of specimen to bond 
development of thin layer mortared concrete masonry are reported.  
 
The chapter 7 presents the compressive behaviour of thin layer mortared concrete masonry 
prisms. The effects of mortar joints thickness and mortar types to compressive behaviour of 
concrete masonry are addressed. The FE model is used to predict the compressive behaviour 
of masonry prisms. Later an experimental program was conducted to validate the FE 
predictions. Furthermore effect of web-shell contribution to compressive behaviour of 
concrete masonry is examined and reported.   
 
The chapter 8 explains the behaviour of thin layer mortared concrete masonry under 
combined shear-compression stresses. The FE model is used to predict the combined shear-
compression behaviour. Thin layer mortared concrete masonry panels with five different bed 
joint orientations are constructed and tested under uniaxial compression to validate the FE 
predicts. Later the validated FE model is used to predict the biaxial behaviour thin layer 
mortared concrete masonry. 
 
The chapter 9 recommends characteristic shear and flexural bond strength values for the 
design of thin layer mortared concrete masonry from bond test data gathered in chapter 4 and 
6.  
 
The chapter 10 submits the general and specific conclusions obtained from the experimental 
and numerical studies on thin mortar layered masonry system. This chapter also discusses 
recommendations for future studies. 
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Chapter 2 : Literature review 
2.1 Introduction 
The purpose of this chapter is to provide a critical overview of past research studies on 
structural masonry and identify relevant matters for the development of thin layer mortared 
concrete masonry system. To gain a substantial understanding of the current developments in 
masonry, testing methods and numerical techniques are essential and hence are reviewed and 
presented in this chapter. Since thin layer mortared masonry is relatively a new form of 
construction system, only limited research information is available in the literature. 
Therefore, the responses of conventional masonry to different stress states have been 
examined to identify the appropriate testing methods for masonry. Finally the research needs 
for the thin layer mortared masonry have been indentified and summarised in this chapter.    
 
2.2 General review on masonry bond 
The bond strength of masonry is the combination of adhesion and friction strengths of 
interface between the unit and the mortar. Masonry bond strength is essential for appropriate 
structural performance of masonry walls, especially those under the in-plane and out-of plane 
loadings, including wind and earthquake. In the conventional masonry, the bond between the 
unit and the cementitious mortar is derived from the penetration of the cement hydration 
products such as calcium silicate hydrates in the mortar into the units through the surface 
voids and pores measured through unit absorption property. The deterioration of masonry 
structures due to weather usually starts at the level of unit-mortar interface. Therefore strong 
and durable bonded walls must remain both watertight and strong enough to withstand 
stresses from wind and vibrations.  
 
2.2.1 Parameters effecting masonry bond 
Major factors that influence the bond between the mortar and masonry units, both in the 
conventional and thin layer mortared masonry are (1) Type of mortars (mix design, 
workability. water retention. setting characteristics and air content), (2) Type of masonry 
units (absorption characteristics and the surface texture/ roughness) and (3) workmanship 
(quality of filling the valleys of the unit surface, degree of pressure applied to masonry unit 
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and the type of tooling used and productivity achieved). Additionally it is understood from 
the previous studies on conventional masonry that the bond characteristics are influenced by 
masonry ageing and curing methods. In the following sections, the influence of above 
mentioned parameters are explained. 
 
2.2.1.1 Mortar mix  
Cement, lime and sand are the most basic ingredient materials for conventional masonry 
mortar mix. They are mixed in various proportions for different masonry applications. The 
common mortar mix combinations are 1:0:3, 1:0:4, 1:0:5 and 1:1:6 as cement: lime: sand 
proportions. The 1:1:6 proportion is widely used across all masonry unit types in Australia. In 
addition to basic masonry constitutive materials and workability additives are also added to 
the masonry mortar mix. The mortar mix proportion would determine the water retention, 
setting characteristics and air content of masonry mortars, which would adversely or 
beneficially influence the bond development with the contact surfaces of masonry units. It is 
commonly found that the higher cement content in the mortar lead to higher bond strength in 
masonry (Sarangapani et al., 2005; Venkatarama Reddy et al., 2008, Lawrence et al., 2005). 
 
Thin layer mortared masonry system commonly utilises polymer mortars, which may or may 
not contain Portland cement, but will contain fine sand, inert additives and specially 
formulated polymers. Mainly the addition of polymers into the cement mortar is to improve 
the mechanical properties of conventional cement, in particular the resistance to shrinkage 
cracking, the adhesion with substrate, and the waterproofing qualities of cement based 
applications (Ollitrault-Fichet et al., 1998). There were also attempts to add fibres to masonry 
mortar to improve the mechanical and durability characteristics of bond (Morandi et al., 
2013; Alterman et al., 2013; Brian et al., 2010).  
    
2.2.1.2 Masonry unit 
The unit properties that affect the bond development are the surface texture and unit water 
absorption characteristics. The influence of unit surface texture on bond development is 
inconsistently reported in the literature. In some cases it is reported that rougher surfaces lead 
to better bond than smoother unit surfaces (Boynton and Gutschick, 1975). In contrary to that 
it is also reported that the smooth surfaces with many finer pores on the units lead to increase 
in bond strength with finer mortars (Venkatarama Reddy and Gupta, 2006). This is because 
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of surfaces with many finer pores (smoother surface) can be uniformly filled with mortar 
relatively easier than the surfaces containing fewer larger pores (rough surface) given that the 
pressure of mortar application remain the same. A similar finding was also noted from the 
studies on dental plaster bond reported by Ariyaratnam et al., (1999) and Leong et al., (2006) 
where the bond strength was shown to be significantly influenced by the surface 
characteristics with the smoother surfaces exhibiting higher bond strength. Further extensive 
study is needed to firmly conclude on this unit surface influence on masonry bond strength. 
 
The initial rate of absorption (IRA) is a measure of water absorption characteristics of units. 
The IRA is measured through the mass of water absorption when a unit is partially immersed 
into water for a minute and expressed in kg/m
2
.min. The IRA is also used as a quality check 
criterion for masonry unit selection. A high IRA means rapid moisture transfer from mortar 
to unit and thus a weakened bond, while a low IRA could prevent the unit from absorbing 
enough moisture to develop a proper bond. Typical IRA values of Australian units vary in the 
range of 0.5 kg/m
2
.min to 1.5 kg/m
2
.min. 
 
2.2.1.3 Workability of mortar 
A complete contact between mortar and unit is essential to develop proper bond. The mortar 
spread (contact) is dictated by the workability of mortar, which depends on its water content. 
Even though water is a constitutive material for masonry mortar mix, its role is different to 
other ingredients in the masonry mortar. The water in the mortar helps the mortar aggregates 
to penetrate into the unit surface pores and facilitate to set in as the water evaporates with 
hydration process.  
 
Addition of too much water would make the aggregates in mortar to float and not allow 
settling on unit surface. Also less water in the mortar would not permit spread uniform mortar 
properly on the unit surface, which would also affect unfavourably to the bond development. 
Therefore, optimum water content is desirable for better bond development, although the 
field practice is determined by the mason according to his/ her preference.  
 
2.2.1.4 Curing methods and ageing of masonry   
It is understood from previous studies on conventional masonry (Sugo et al., 2007; 
Dhanasekar, 2011), that the bond characteristics are influenced by masonry curing methods. 
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The process of bond development commences as soon as the fresh mortar is applied on to the 
masonry units. The subsequent setting of the cement compounds is preceded by the 
absorption of mortar fluids into the masonry unit and the consequential transport of mortar 
fines to the unit surface.  
 
It could be expected that continued hydration over longer periods of time would further 
increase the bond strength. However this has always not been the case as could be found from 
previous studies (Drysdale and Gazzola, 1985; De Vitis et al., 1998; Sugo et al., 2007). 
Dhanasekar (2011) has shown that well cured - dry conventional masonry specimens exhibit 
higher bond strength compared to the similarly cured wet specimens. The effect of ‘dryness’ 
of the well-cured (for up to 7 days) specimens are found to exhibit higher rate of increase in 
bond strengths (Dhanasekar, 2011). The reasons are elaborated as follows:  
 
(1) Presence of water acts as lubricants and exhibits lower bond strength in wet 
specimens; the dryer the specimens, therefore, the larger the bond strength.  
(2) The entrapped water in the pores of masonry increase local stress under the applied 
loading (and hence the apparent reduction in bond strengths of the wet specimens) at 
unit-mortar interface. The dryer the specimens, the lower the pore-water pressure and 
hence the higher the bond strengths measured. 
(3) Under compression, the failure mode includes the units which limit the maximum 
compressive strength that could be achieved from the masonry, thereby not 
exacerbating the effect of dryness or wetness of the bond.  
 
Further the study on conventional masonry by Sugo et al. (2007) has revealed that the bond 
characteristics are affected by the ageing process due to continuous hydration at cement 
mortar interface.  
 
Additionally the commonly used thin layer mortared masonry mortars contain polymers 
(Nicholas et al., 2008 and Marrocchino et al., 2007). In addition to the cement hydration, 
polymer mortars undergo polymerisation in the presence of water depending on the 
proportion of polymers in the mortar. The polymerisation process is illustrated in Figure 2.1. 
Therefore the process of gaining bond strength will differ (Colville et al., 1997 and Amde et 
al., 2007). An interesting finding was made on polymer cement mortar masonry by Colville 
et al., (1997), where dry curing is said to improve bond strength of masonry than the wet 
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curing. The wet curing condition is not necessary for polymer cement mortar, because 
polymer membrane in the mortar blocking the pores and sealing the moisture from 
evaporation.  
 
 
Figure 2.1: Polymerisation process illustrated. 
 
Further evaporation causes the polymer build-up in the pores and trapping moisture inside the 
membrane. Continued hydration will eventually consume this trapped moisture, causing 
further membrane formation inside, which would develop better bond with subtracts. This 
indicates that the curing method has much to do with the strength gain of polymer cement 
mortars. However, only tensile bond strength study on conventional masonry was conducted 
on this aspect by Colville et al., (1997). With the masonry design perspective, shear and 
flexural bond strengths are also important.  
 
(a) Polymer cement mortar (b) Addition of water 
(c) Polymer layer formation (d) Polymer membrane formation 
Unhydrated 
Cement 
Polymer 
particles 
Aggregate 
Mixture of cement 
particles and 
polymer with 
water 
Cement gel 
enveloped with 
close packed layer 
of polymer particles 
Cement hydrates 
enveloped with 
polymer membrane  
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2.2.1.5 Workmanship 
Masonry construction is labour intensive. Several aspects of workmanship have been 
identified as contributing to poor development of masonry bond. The quality of filling the 
valleys of the unit surface depends on workmanship, which relates to the degree of pressure 
applied to masonry unit when spreading mortar. Therefore variations in workmanship within 
a wall construction differ. Additionally the type of tooling used to apply mortar also can 
influence the bond development in masonry. 
 
To minimise workmanship effects in the masonry system, the thin layer mortared masonry 
construction uses mechanical tools to apply mortar on top of the unit with constant pressure 
and uniform thickness of mortar. Lack of attention to gauging mixes in correct proportions by 
workman, the incorrect addition of air entrainers and the preparation of units for laying are 
recognised as other major contributing factors for the poor bond development.  
 
2.2.2 Testings available for masonry bond  
Flexural and shear bond strengths are important parameters for the design of masonry, 
especially for the in-plane and out-of-plane flexure and shear of masonry walls. Many 
methods of masonry bond testing have been developed to determine the bond characteristics 
of conventional masonry.  
 
2.2.2.1 Flexural bond test 
Various test set-ups have been used for the characterisation of flexural bond behaviour of the 
unit-mortar interface. These include (1) Three point beam test (2) Four-point beam test and 
(3) Bond wrench tests. For the evaluation of the flexural bond response of masonry, four-
point beam test and bond wrench pier tests are commonly practiced. Stack bonded masonry 
prisms are used to test under three/four point bending configuration as shown in Figure 2.2(a) 
and (b). From these tests the flexural bond strength is determined with conventional bending 
formula as given in Equation (2.1). AS 3700 (2011) and ASTM E518 (2003) give the testing 
guidelines for flexural beam test.  
 
sp
sp sp
d
M
f k
Z
      (2.1) 
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In which, 
sp
f - Flexural bond strength, 
sp
k - Adjustment factor given for beam size 
sp
M - Mid span bending moment 
d
Z - Section modulus for flexural bond strength calculation 
 
The bond wrench is simply a long lever as displayed in Figure 2.2(c), which is clamped to a 
masonry unit at one end while the other end is free. An increasing force is gradually applied 
at the free end until the unit is plucked from the mortar joint immediately below it. The load 
at which this occurs is a measure of the flexural bond strength of masonry. AS 3700 (2011) 
and ASTM C1587-09 provide the bond wrench testing provisions to determine the flexural 
bond strength of masonry.   
 
 
Figure 2.2: (a) Flexural bond testing methods. 
 
l  
2
l
 2
l
 
(a) Three point bending 
l  
3
l  
3
l  
3
l  
(b) Four point bending 
d  
(c) Bond Wrench 
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2.2.2.2 Shear bond test 
Obtaining the pure shear condition in the masonry joint is require biaxial tensile-compression 
testing of panels with bed joint angled at 45°. Different test set-ups have been used for the 
determination of shear bond behaviour of the unit-mortar interface. Van der Pluijm (1993) 
proposed a test set-up as shown in Figure 2.3(a) which minimises bending stresses at mortar-
unit interface, however this set-up is quite complex and is not used in this research. Couplet 
and triplet tests are widely used to determine the shear bond strength of masonry.  
 
The couplet test arrangement is illustrated in Figure 2.3(b), where a two unit high stack 
bonded prism is sheared along the joint to determine the shear bond strength. It can be noted 
there is slight eccentricity in this arrangement, which would cause bending stresses on the 
masonry joint along in addition to joint shear stresses. Jukes and Riddington (1997) tested 
several shear bond testing arrangements to determine the shear strength of masonry interface 
and concluded that the triplet test was the most appropriate and simple arrangement. However 
to minimise the bending stresses, the loading and reaction points (i.e. ‘e’ distance shown in 
Figure 2.3(c)) must be adjusted depended on the triplet specimen sizes. The triplet test set-up 
is codified on EN 1052-3 (2002) and now widely accepted as a standard shear test procedure.  
 
 
Figure 2.3: Test set-up for shear bond strengths. 
(a) Van der pluijm test (1993) 
(b) Couplet test 
(c) Triplet test 
e
 
e
15
l
e 
l  
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2.2.3 Summary conventional masonry bond strength survey  
List of research on conventional masonry flexural and shear bond strength studies are 
summarised in Table 2.1 and Table 2.2 respectively. To avoid the difficulty of choosing and 
analysing the data from large diverse of literature, only clay and concrete unit bond studies 
with commonly used mortar types were selected and presented Table 2.1 and Table 2.2. It can 
be said from the literature survey, comparatively fewer bond studies on concrete unit 
masonry have been conducted than clay unit masonry. 
 
Larger scatter of measured initial bond strength (flexural and shear) with the use of different 
units and mortar are evident in the literature. The flexural bond strength is shown to vary 
from 0.02 MPa to 1.23 MPa and the shear bond strength varies from 0.04 MPa to 1.04 MPa 
from the data provided in Table 2.1 and Table 2.2. 
 
For an indicative analysis, average flexural and shear bond strength for conventional masonry 
have been derived from the data. For that each range on the strength columns of Table 2.1 
and Table 2.2 were treated as single set data and average bond strengths were obtained. The 
average shear and flexural bond strengths of clay and concrete masonry are presented in 
Figure 2.4. The average shear bond strengths are 0.29 MPa and 0.53 MPa for clay and 
concrete unit masonry respectively. The average flexural bond strengths are 0.51 MPa and 
0.47 MPa for clay and concrete unit masonry correspondingly. It should be noted that these 
tests do not correspond to each other and hence cannot be related to each other.  
 
 
Figure 2.4: Average shear and flexural bond strength of conventional masonry. 
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Table 2.1: Conventional masonry flexural bond strengths from literature survey. 
No Reference 
Test 
method Unit type Mortar type 
Strength range 
(MPa) 
COV range 
(%) 
1 Sarangapani et al., (2005) 
Bond 
wrench 
3 Types of clay 
unit 
1:0:0:4, 1:0:0:6, 1:1:0:6 and 1:0:1:6 (Cement: soil: lime: 
sand) 0.13-0.39 7.6-28.7 
2 Costigan and Pavia (2009) 
Bond 
wrench Clay unit NHL5 (1:3; Cement-sand), CL90s (1.3; Cement-sand) 0.09-0.15 N/A 
3 
Venu Madhava Rao et al., 
(1996) 
Bond 
wrench Clay unit 
1:4 (cement: sand), 1:6 (cement: sand), 1:10 (cement: 
sand), 1:1:6 (cement: soil: sand), and 1:1:10 (cement: lime 
sand). 0.02-0.29 0.2-.0.52 
4 Lawrence et al., (2005) 
Bond 
wrench Clay pressed Cement-age interaction for clay bricks 0.45-1.8 N/A 
    
 
Clay extruded Cement-curing interaction for CC and CS bricks 0.40-1.0 N/A 
    
 
Concrete Brick-age interaction for CC and CS bricks 0.25-0.85 N/A 
    
 
Calcium silicate 
Mix-age interaction (inside curing) for MC mortars with 
clay bricks 0.40-0.55 N/A 
5 Khalaf (2005) 
Bond 
wrench 5 Types clay 1:01:06  (Cement: Lime: sand) 0.10-0.14 14-17 
  
  
units  1:1/2:5 (Cement: Lime: sand) 0.22-0.37 15-24 
    
  
1:1/4:3 (Cement: Lime: sand)     
6 
Reda Taha and Shrive 
(2001) 
Bond 
wrench Clay units 
 
    
    
  
N (1:1:6; cement: lime: sand) 0.59-0.87 N/A 
    
  
CF (0.8:0.8:0.4:6; cement: lime: fly ash 1: sand) 0.50-0.97 N/A 
    
  
FF (0.8:0.8:0.4:6; cement: lime: fly ash 2: sand) 0.74-1.22 N/A 
    
  
SL (1:1: 6; slag cement: lime: sand) 0.37-0.61 N/A 
7 Masia et al., (2012) 
Bond 
wrench 
Clay bricks and 
blocks 1:2:9, 1:1:6, 1:0.5:4.5 (cement: lime: sand) 0.34-1.23 12.0-46.0 
    
 
Concrete bricks 
and blocks 1:2:9, 1:1:6, 1:0.5:4.5 (cement: lime: sand) 0.14-0.63 6.0-30.0 
8 Pavia and Hanley (2010) 
Bond 
wrench clay bricks mortar with different varying parameters 0.20-0.50 16.0-32.6 
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Table 2.2: Conventional masonry shear bond strengths from literature survey. 
No Reference Test method Unit type Mortar type Strength range (MPa) 
COV range 
(%) 
1 Riddington and Jukes (1994) Triplet Clay unit 1:1/4:3 (C:L:S) 0.22-0.45 12.5-31.6 
        1:1:6 (C:L:S) 0.10-0.41 23.9-33.3 
        C:1:0:5 (C:L:S) 0.27-0.77 5.6-32.6 
        1:0:6 (C:L:S) 0.33-0.80 10.1-25.9 
2 Sarangapani et al., (2005) Triplet 3 types of clay units 
1:0:0:4, 1:0:0:6, 
1:1:0:6 and 1:0:1:6 
(Cement: soil: lime: 
sand) 0.05-0.27 19.0-34.5 
3 Tomazevic (2009) Triplet 
5 types clay of unit with 
different normalised 
compressive strength 2.5 MPa mortar  0.17-0.50 N/A 
        10MPa mortar 0.16-0.50 N/A 
4 Masia et al., (2012) Triplet Clay bricks and blocks 
1:2:9, 1:1:6, 
1:0.5:4.5 (cement: 
lime: sand) 0.42-1.04 12.0-33.0 
      Concrete bricks and blocks 
1:2:9, 1:1:6, 
1:0.5:4.5 (cement: 
lime: sand) 0.27-0.74 27.0-36.0 
5 Alecci et al., (2013) Triplet Clay units 
Lime mortar, 
cement lime mortar 
and cement mortar 0.04-0.53 N/A 
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2.2.4 Thin layer mortared masonry bond studies 
Only limited bond studies have been carried out on thin layer mortared masonry. Graubohm 
and Brameshuber (2011) investigated the thin layer mortared masonry bond characteristics. 
Polyurethane adhesive was used as the thin layer mortar with precision hollow clay units to 
investigate the shear and tensile bond characteristics. The parameters investigated were the 
ambient temperature, the moisture content of the masonry units as well as the time span 
between the application of the adhesive and the laying of the units. The shear bond strength 
varied between 0.55 MPa to 1.78 MPa and the direct tensile bond strength varied between 
0.28 MPa to 1.24 MPa. 
 
Da Porto (2005) carried out shear bond tests on thin layer mortared clay masonry. The shear 
triplet test was adapted for this investigation as shown in Figure 2.5. Eight types of perforated 
clay units were used with three types of thin layer mortars for shear bond tests. The shear 
bond strength in the range of 0.47 MPa to 0.52 MPa was reported. The failure occurred due to 
sliding of unit through interface with sudden collapse. It was mentioned from the study, the 
dipping method of construction did not allow proper formation of masonry bond. 
 
 
Figure 2.5: Thin layer mortared masonry triplet testing (Da Porto, 2005). 
 
Morandi et al., (2013) carried out shear bond tests on three types thin layer mortars. Two 
types of M10 pre-batched thin layer mortar and thin layer fibre-reinforced mortar have been 
used in their investigation. The initial shear bond strength varied from 0.18 MPa to 0.56 MPa 
and the failure was through unit-mortar interface on one or two joints of the specimens. It is 
also reported that the fibre-reinforced mortar has allowed attaining a significant increase in 
shear both strength compared to general purpose mortar.  
(a) Testing arrangement 
(b) Failure pattern 
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Nicholas et al., (2008) and Marrocchino et al., (2007) investigated thin layer mortared 
masonry flexural behaviour, however the bond characteristics of thin layer mortared masonry 
were not reported in those studies. Therefore literature review showed that the bond studies 
on thin layer mortared masonry is limited, many other parameters such as unit surface 
characteristics, mortar type, unit height tolerance and workmanship that influence the bond 
formation of thin layer mortared concrete masonry should be investigated. 
 
2.3 Compressive behaviour of masonry 
The compressive strength of masonry is one of the most basic material properties used in the 
design of masonry structures. Although small wall panels incorporating perpend and bed 
joints are considered to be more representative test specimens for the purpose of determining 
the compressive strength of masonry as according to the EN 1052-1 (2002), the AS3700 
(2011) proposes testing of stack bonded prisms tests due to its simplicity and economy. The 
behaviour of masonry prisms under axial compression is influenced by the relative stiffness 
of masonry units and mortar, the thickness of mortar joints and the shape of the units. 
 
The behaviour and failure mechanism of face-shell bedded hollow masonry prisms 
constructed with the conventional 10 mm mortar joints under compression is well understood 
due to pioneering work of Hendry et al (2004), Shrive (1982), Page and Shrive (1988) and 
amongst others. When a face shell bedded prism is loaded in compression, considerable 
bending stresses are induced in the unloaded (and unmortared) webs of the units that act as 
deep beams spanning between the face-shell (Shrive, 1982, Page and Shrive, 1988). This 
leads to splitting failure of web-shells, with cracks initiating in the zones of tensile stress as 
shown in Figure 2.6. Whereas the solid or full bedded masonry fail as a consequence of 
vertical cracking of the loaded face due to different rate of lateral expansion of the units and 
the mortar as illustrated in Figure 2.7.  
 
Although face-shell bedding is commonly practiced in concrete masonry construction in 
many countries, especially in North America and Australasia, surprisingly full bedded 
concrete masonry with or without grouting under axial compression have been  extensively 
examined and reported in many research works (Hamid., 1978; Priestley and Elder., 1983; 
Cheema and Klinger., 1986; Khalaf et al., 1994; Khalaf., 1996; Phipps and Mirza., 2001; 
Ramamurthy et al., 2000; Mohamad et al., 2007; Barbosa et al., 2010, Izquierdo et al., 2012).  
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Figure 2.6: Typical face-shell bedded masonry failures under uniaxial compression. 
 
 
Figure 2.7: Typical full bedded masonry failures under uniaxial compression. 
 
It is a well understood concept in the conventional masonry that with the reduction in joint 
thickness, the masonry compressive strength increases. Similar results have also been 
reported in thin layer mortared highly perforated clay masonry compressive strength studies 
(Da Porto 2005; Nicholas et al, 2008). 
 
Recently Fortes et al., (2013) conducted prism compression test on thin mortar layered 
concrete masonry and concluded higher strength and elastic modulus was achieved of prisms 
with thin layer joints compared with regular 10 mm cement-lime joint prisms. Morandi et al., 
(2013) carried out thin mortar layered clay masonry compression tests with fibre reinforced 
mortar and showed increase in compressive strength in masonry compared to conventional 
masonry.  
(b) Panel failure (a) Prism failure 
Full bedding 
Crack 
Crack 
(a) Prism failure (b) Panel failure 
Crack 
Crack 
Face-shell bedding 
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Additionally it is commonly known that in masonry, incompatible tangential displacements at 
the unit-mortar interfaces is the primary reason for inducing cracks in the masonry units 
parallel to the direction of the primary compression. Sarangapani et al, (2005) examined the 
effect of improved adhesion to the compressive strength of low strength soil-cement bricks 
and concluded positive contribution of higher adhesive mortars to the compressive  strength 
of masonry. Khalaf  et al., (1994) conducted concrete masonry prisms tests, in which a few 
thin layer mortared concrete prisms with 1 mm to 2 mm of dental plaster as binder were 
tested. Systematic studies on the effect of reduction in thin layer mortar thickness to the 
compressive strength of concrete masonry prisms are lacking. 
 
However it is also not clear how the thin layer mortared face-shell loaded concrete masonry 
would behave under axial compression given that the mortars used in thin layer mortared 
concrete masonry are found to exhibit higher adhesion.   
 
2.4 Biaxial behaviour of masonry 
Many masonry walls are subjected to in-plane loads and hence are in a state of biaxial stress; 
for example, shear walls, infill walls in framed constructions, walls supported on beams, etc. 
To predict the detailed behaviour of these walls, knowledge of the deformation and failure 
characteristics of the masonry under biaxial stress states is required.  
 
Masonry is a material that exhibits distinct directional properties because the mortar joints act 
as planes of weakness. Depending upon the orientation of the joints to the stress directions, 
failure can occur in the joints alone or simultaneously in the joints and units. Therefore 
homogeneous stress state analysis of masonry is required that allow the direct measurement 
of average characteristics of masonry under biaxial loading. These analyses would permit to 
develop in-plane failure criterion of masonry. Thus to define masonry failure criterion, a 
three dimensional surface in terms of the two principle stresses ( 1 and 2 ) and their 
respective orientation to the bed joint is required as illustrated in Figure 2.8.  
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Figure 2.8: Principal stresses and their orientation to masonry bed joint. 
 
2.4.1 Experimental approaches 
The masonry subjected to in-plane loading has been experimentally investigated by many 
researchers in the past. Hegemier et al., (1978) carried out a comprehensive series of biaxial 
tests on full scale grouted concrete masonry panels and found the influence of bed joint angle 
to be minimal with the behaviour being essentially isotropic. The test on brick and concrete 
discs to produce indirect tensile stresses on joints inclined at various angles to the bed joints 
have been reported by Drysdale et al., (1979). Samarashinghe and Hendry (1980) performed 
series of biaxial tests on tension-compression range with 1/6 scale brickwork panels to get a 
failure criterion. Page (1983) performed the same test on half scale brickwork panels and 
found a roughly similar failure surface.  
 
Page (1981) carried out biaxial compressive test on clay masonry panels in order to derive the 
failure surface in the biaxial compression range. Later many researchers only investigated the 
biaxial compression behaviour of various masonry types and reported masonry biaxial 
compression envelopes. Some of the biaxial compression failure envelopes are provided 
below in Figure 2.9 from literature survey. Recently Liu et al., (2009) studied the biaxial 
compressive strength of grouted concrete block masonry. Five different bed joint orientations 
with various biaxial stress ratios were tested. The developed biaxial compression failure 
envelop is given in Figure 2.9(a).  
 
Senthivel and Uzoegbo (2004) carried out biaxial cyclic compression tests on calcium silicate 
brick masonry. The aim of the research was to develop a stability point interaction curve for 
rational design tool in defining the permissible stress levels of calcium silicate brick masonry 
2σ  
1σ  
  
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under in-plane dynamic loading. Only two bed joint orientations (0° and 90°) with varying 
biaxial stress ratios were examined. The developed failure envelop is recreated in Figure 
2.9(b). 
 
Naraine and Sinha (1992) carried out biaxial compression tests on clay brick masonry and 
developed a failure envelop. Only two bed joint orientations (0° and 90°) with varying biaxial 
stress ratios were used. The developed failure envelop is given in Figure 2.9(c). The biaxial 
compression failure envelop developed by Badarloo et al., (2009) also given in Figure 2.9(d).  
 
 
Figure 2.9: Different masonry biaxial compression failure envelopes. 
 
Dhanasekar (1985) reported biaxial failure modes of conventional clay masonry subjected to 
uniaxial tension, biaxial compression and biaxial tension-compression loadings. The failure 
modes of those loading conditions are given in Figure 2.10. 
 
(a) Liu et al., (2009) (b) Senthivel and Uzoegbo (2004) 
(c) Naraine and Sinha (1992) (d) Badarloo et al., (2009) 
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Under uniaxial tension, failure occurred through cracking and sliding of the vertical and the 
horizontal mortar joints. Under tension-compression loading, failure occurred either by 
cracking and sliding of the joints or in a combined failure of masonry units and mortar joints. 
Biaxial compression failure occurred due to splitting of masonry at mid-thickness, in a plane 
parallel to its free surface, regardless of the orientation of the principal stresses. Later 
Dhanasekar (1985) proposed a complete failure surface in terms of stresses in a reference 
system aligned with the bed joint directions as shown in Figure 2.11. 
 
 
Figure 2.10: Modes of failure of masonry under biaxial loading (Dhanasekar 1985). 
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Figure 2.11: Proposed failure surface of masonry (Dhanasekar 1985). 
 
Recently Vermeltfoort (2005) accomplished biaxial tests on 630 mm×630 mm×93 mm square 
panels of thin layer mortared clay masonry as shown in Figure 2.12(a). Three different failure 
phenomena were reported: (1) spalling of bricks with fragments of 20 mm thick, (2) vertical 
splitting of specimen and (3) bending of the specimen (Figure 2.12(b)). Moreover no effect of 
bed joint orientation to strength properties was reported, because of high bond strength of 
thin mortar joints. However it is mentioned in their work that eccentricity caused some 
asymmetry in loading and some of the joints were not properly filled.  
 
 
Figure 2.12: Thin layer mortared clay masonry for biaxial test (Vermeltfoort 2005). 
 
Combined shear and normal stresses on the planes of the bed and head joints in masonry play 
a significant role to its deformation and failure. Hamid (1978) conducted prism compression 
and tension tests to study the anisotropic nature of grouted and ungrouted nature of concrete 
masonry and reported that the ungrouted masonry the interaction depends only on the bond 
(a) Test rig and specimen (b) Failure mode 
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strength of the unit-mortar which is relatively small. Therefore it clearly indicates from the 
previous studies the anisotropic nature of masonry is due to low bond strength in 
conventional masonry, which act as plane of weakness to failure.  
 
Khattab (1993) carried out uniaxial compression test on grouted prisms. Two types of grouted 
prism test series were conducted (1) prisms grouted normal to the bed joint and (2) prisms 
grouted normal and parallel to the bed joint. The strength results are given in Table 2.3. It can 
be seen that the variation in compressive strength for grouted prism normal and parallel 
comparatively less compared to other masonry types. Liu et al., (2009) conducted biaxial 
compression tests on grouted concrete block masonry and quite similar results were obtained 
as Khattab (1993). 
 
The test program and the strength results obtained by Mojsilovic and Marti (1994) are 
summarised in Table 2.3. The compression tests were carried out for concrete, calcium-
silicate and clay brick masonry. The Test specimen dimensions were 1300 mm ×1300 mm. 
Slip failure along the head joint was clearly observed with specimens. For 0º and 90º vertical 
splitting failure were reported in the tests. From these test results, Mojsilovic (2005) proposed 
that the concrete masonry can be considered as isotropic and calcium-silicate block and clay 
brick masonry as anisotropic materials. Also with the test results Mojsilovic (2011) proposed 
a new regime of failure criterion for in-plane loaded masonry without tensile strength. 
 
Vermeltfoort (2004) carried out compression test of thin mortar layer clay masonry. Two 
types of test specimens were carried out (1) head (perpend) joint open and (2) head joint 
filled. The results of average values of compressive strength reported in Vermeltfoort (2004) 
are given in Table 2.3. Moreover less variation of bed joint orientation to strength properties 
were found compared to other conventional masonry, because of the high bond strength in 
thin layer mortared masonry. 
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Table 2.3: Literature summary of masonry compression test with different bed 
orientations. 
Masonr
y type 
Reference   
Bed joint orientations 
0° 15° 22.5° 30° 45° 60° 67.5° 75° 90° 
G
ro
u
te
d
 m
a
so
n
ry
 
Grouted Concrete 
block prisms -
Hamid et al, 
(1978) 
Strength 
(MPa) 13.80 8.34 - - 10.06 - - 9.79 12.31 
m mf f  1.00 0.66 - - 0.73 - - 0.71 0.89 
Concrete prisms 
Grouted normal -
Khattab (1993) 
Strength 
(MPa)
 
11.10 - 6.50 - 7.80 - 6.30 - 11.50 
m mf f  1.00 - 0.59 - 0.70 - 0.57 - 1.04 
Concrete prisms 
Grouted normal 
and parallel- 
Khattab (1993) 
Strength 
(MPa)
 
17.00 - 14.00 - 17.30 - 14.50 - 18.80 
m mf f  1.00 - 0.82 - 1.02 - 0.85 - 1.11 
Grouted concrete 
block masonry- 
Liu et al., (2009) 
Strength 
(MPa)
 
16.12 - 11.05 - 10.61 - 9.87 - 13.7 
m mf f  1.00 - 0.69 - 0.66 - 0.61 - 0.85 
C
o
n
v
en
ti
o
n
a
l 
m
a
so
n
ry
 
Conventional clay 
masonry -
Dhanasekar et al. 
(1985) 
Strength 
(MPa) 7.56 - 5.62 - 5.08 - 2.85 - 4.33 
m mf f  1.00 - 0.74 - 0.67 - 0.38 - 0.57 
Concrete block 
prisms -
Mojsilovic (1994) 
Strength 
(MPa) 12.70 9.40 - 7.30 7.60 5.40 - - - 
m mf f  1.00 0.74 - 0.57 0.60 0.43 - - - 
Clay brick prisms 
-Mojsilovic 
(1994) 
Strength 
(MPa) 9.40 7.10 - 5.30 4.00 3.40 - 2.80 3.50 
fm/bed 
orientation 1.00 0.76 - 0.56 0.43 0.36 - 0.30 0.37 
Calcium Silicate 
block prisms -
Mojsilovic (1994) 
Strength 
(MPa) 10.60 5.50 - 4.40 3.00 1.60 - - 7.50 
m mf f  1.00 0.52 - 0.42 0.28 0.15 - - 0.71 
Built clay brick 
prisms -Heath et 
al (2008) 
Strength 
(MPa)
 
19.71 - - - 5.47 2.62 - - 12.49 
m mf f  1.00 - - - 0.28 0.13 - - 0.63 
Cut clay brick 
prisms-Heath et al 
(2008) 
Strength 
(MPa)
 
- - - - 6.45 3.38 - - - 
 
m mf f  - - - - 0.33 0.17 - - - 
T
h
in
 
la
y
er
 
m
o
rt
a
re
d
 
m
a
so
n
ry
 
Thin mortar 
layered clay -
Vermeltfoort 
(2004) 
Strength 
(MPa) 12.90 - 11.30 - 7.90 - 11.70 - 12.30 
m mf f  1.00 - 0.88 - 0.61 - 0.91 - 0.95 
 
 
 Chapter 2 Page 26 
 
Recently Heath et al., (2008) carried out compression test to determine the unreinforced 
masonry damage thresholds. The off-axis prisms were constructed in two techniques. One 
technique was to cut units to required size and assembled as prisms. The second technique 
required constructing masonry panels and the panels were later cut into desired off-axis prism 
dimensions. For 0º and 90º specimens, the vertical splitting failures were observed. It can be 
understood from the Table 2.3, that the cut prisms from larger panels processed higher 
strength compared to built prisms from cut units.  
 
It can be seen from Table 2.3 that the conventional masonry (clay, concrete and calcium 
silicate) shows high anisotropic nature under the different axis of compression. Nearly 40%-
80% compression capacity variations (reduction) occurred with changes to bed joint 
orientations from 0° to 90°. As the masonry joints act as the plane of weakness in the 
conventional masonry, it tends to exacerbate the anisotropic behaviour under different 
orientations of loading. On the other hand the fully grouted concrete masonry shows just a 
maximum of 10%-40% strength reductions to the compressive strength normal to the bed 
joint. Grouting gives the continuity in masonry and makes it to act more or less isotropic 
material with the bed joint angle showing much reduced influence.  
 
From the only one available study on thin layer mortared clay masonry, it can be said that the 
thin layer mortared masonry shows reduced anisotropic behaviour under compression. The 
compressive strength variation was in the range of 10%-30%. However further research 
studies are needed on other types of blocks such as concrete and calcium silicate with full 
bedded and face-shell bedded construction to confirm reduced anisotropic behaviour of thin 
layer mortared masonry system.  
 
2.5 Numerical modelling of masonry  
In the last two or three decades numerical procedures in engineering have developed 
tremendously and more attention have been given by researchers to develop numerical 
methods to simulate the real behaviour of masonry structures. However number of factors 
influencing the structural behaviour of masonry, such as geometry, anisotropy of the units, 
bond properties, material properties of units and mortar, and workmanship, which make the 
numerical simulation of masonry extremely very difficult. Nevertheless masonry researches 
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have attempted to model masonry behaviour through numerical trials and successful to get 
real behaviour of masonry to acceptable levels.  
 
The masonry modelling technique is either micro or macro. The macro modelling endeavours 
to define the masonry as an equivalent single material which is an assemblage of units and 
mortar with average properties. Micro model represents the actual pattern of masonry and 
considers the unit, mortar and interface separately and each characterised by distinct 
properties. The micro modelling studies are required to get a better understanding about the 
local behaviour of masonry structures. The necessary parameters for modelling have to be 
extracted from small-scale laboratory tests. On the other hand, macro modelling is relevant 
for global analysis of masonry structures, where the structure is composed walls with 
sufficiently large dimension. 
 
Since this PhD research study concentrate on investigating the small scale material 
behaviours of thin layer mortared masonry, the micro modelling technique of masonry would 
be useful to numerically reproduce and validate the experimental behaviours. Therefore only 
literature studies on micro modelling techniques of masonry are presented in subsequent 
sections.  
 
2.5.1 Micro modelling of masonry 
Since the joint in masonry acts as plane of weakness, the behaviour of masonry was modelled 
through the behaviour of interface between unit and mortar through interface constitutive 
relations in the past. The interface in masonry is commonly modelled through Goodman’s 
zero thickness elements (where mortar and interface are lumped together) or define surface-
to-surface interface behaviour between unit and mortar. In most of the interface models, the 
block was kept elastic and mortar was lumped with interface and all the masonry constitutive 
characteristics were given to the interface. 
 
Earlier Page (1978) proposed a micro model where the units were assumed isotropic elastic. 
Their elastic constants have been derived from uniaxial compressive tests. The elastic 
modulus has been taken as the average of the module for load parallel and normal to the faces 
corresponding to the bed joint. The linkage element representing mortar joints had limited 
strength properties and could deform both in the normal and shear direction according to two 
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non-linear stress-strain relationships defined independently of each other. The failure 
criterion of the joint element has been obtained directly from the masonry tests conducted up 
to failure: three linear best-fit curves have been used to describe the failure surface in the 
normal stress and shear stress planes as shown in Figure 2.13.  
 
 
 
Figure 2.13: Assumed joint failure envelope in the normal stress - shear stress plane 
(Page 1978). 
 
Lourenço and Rots (1997) proposed a micro model, which is a multi-surface interface model. 
The interface elements were used as potential crack, slip and crushing planes. A new 
interface cap model shown in Figure 2.14 developed by same authors in plasticity concepts 
was able to capture all masonry failure mechanisms. The model includes tension cut-off for 
Mode I failure, Coulomb friction envelope for Mode II failure and a cap model for 
compressive failure.  
 
In addition, the interface elements were considered to model potential cracks in the units. The 
approach assumes all the inelastic phenomena occur in the interface elements. The numerical 
model was used to analyse masonry shear walls tests in the past literature and capable of 
predicting the experimental collapse load and behaviour accurately. Only the brief details 
about this micro numerical modelling technique is explained in this section. Full details of 
this modelling technique and analysis can be found in Lourenco (1996). 
 

n
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Figure 2.14: Proposed multi-surface cap model (Lourenco, 1996). 
 
For compression mode of failure, the cap yield function is given in Equation 2.2 and shown 
in Figure 2.14. The material parameters Cnn, Css, Cn and 3 define the compression failure. 
The parameters control the shape of the compression failure cap and determine the 
intersection point with coulomb failure function. The hardening/softening behaviour under 
compression is shown in Figure 2.15(a). The compression behaviour was divided in to three 
distinct regions as a , b  and c , where the stress in each region is defined by different set 
of constitutive relations. 
 
2 2 2
1 3( ) nn ss nf C C C            (2.2) 
 
 
The Coulomb friction failure function is illustrated in Figure 2.14 and the governing criterion 
is given in Equation 2.3. Here the coulomb failure criterion is the function of mode II shear 
behaviour. This is governed by shear fracture energy, friction angle and cohesion of unit-
mortar interface. These parameters and shear bond behaviours were obtained by shear bond 
test with several levels of pre-compression stresses to get the coulomb friction behaviour as 
illustrated in Figure 2.15(c). 
 
2 2 2( ) tan ( ) ( )f k k          (2.3) 
 
(f1) 
(f2) 
Cap mode 
Coulomb 
friction mode 
Tension 
mode 
  
  
(f3) 
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For the tension mode of failure, tensile bond softening on the tensile strength is assumed 
according to the mode I tensile bond experiments of masonry as demonstrated in Figure 2.14. 
The tension cut off criterion is given in Equation 2.4 and illustrated in Figure 2.15(b). The 
failure function is the function of fracture energy and the tensile bond strength/behaviour 
under uniaxial tensile bond strength test of masonry.  
 
13 1( ) ( )f k        (2.4) 
 
 
Figure 2.15: Test details and material parameters necessary for micro model developed 
by Lourenco, (1996) (a) Compression behaviour (b) Tensile behaviour and (c) shear 
behaviour by Van der Pluijm (1993). 
 
Thanoon et al., (2008) developed an FE modelling technique on interlocking dry stack 
masonry prisms with mechanical characteristic of interlocking  joints and geometric 
imperfection of the shell beds of blocks. The interaction between units and progressive de-
(a) 
(b) (c) 
p  m 3
r
m
p  
a
b
c
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bonding between the block and grout was also modelled. Mann et al., (1997) used a cohesive 
interface model to predict masonry joint shear cyclic behaviour. Fouchal (2009) used a 
interface model based on the adhesion intensity between mortar and units and to describe the 
damage occurring in the mortar.  
 
Kawa et al., (2007) developed a micro modelling approach to determine the strength 
properties of brick masonry. The critical strength was obtained by solving a constrained 
optimisation problem and the results were verified by biaxial compression-tension at different 
orientation of bed joint relative to the loading direction obtained by Page (1981). 
 
Shieh-Beygi and Pietruszczak (2008) modelled unit and mortar under different stages of 
deformation. All three distinct phases in the material response: namely elastic, elastoplastic 
and brittle/softening were invoked in the modelling. The conditions at failure for both brick 
and mortar were assumed to be governed by a Mohr-Coulomb criterion with Rankine’s cut-
off. A non-associated flow rule has been incorporated to define the direction of plastic flow.  
 
Massart et al. (2004) considered a scalar damage model to assess the need for incorporating 
non-orthotropic induced anisotropy in brick masonry. It was shown that scalar damage meso-
models allow obtaining realistic in-plane damage patterns encountered in experiments. It was 
also revealed from their results that the characteristic anisotropic shape of experimental 
failure envelopes for masonry may be reproduced by unit cell computations, as far as in-plane 
failure mechanisms are concerned. 
 
Pela et al, (2012) have developed similar damage model to Massart et al. (2004). The strain 
based continuum damage model was developed by them. The orthotropic masonry behaviour 
was simulated by means of mapping tensors from the anisotropic field to an auxiliary 
workspace. The developed model was later validated with different masonry experimental 
biaxial strength envelops. 
 
Wu and Hao (2006) used a double scalar damage model based on the concept of continuum 
damage mechanics to account for the different damage characteristics in tension and 
compression failure of unit and mortar of concrete masonry. By applying various 
displacement boundaries to simulate the displacement-controlled laboratory tests, the 
averaged stress and strain of the basic cell under different stress states were derived 
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numerically. Then homogenised material properties of the hollow concrete masonry are 
determined from the average stress and strain relations of the basic cell. 
 
Nazir and Dhanasekar (2013) used to model high adhesive and low compressive strength thin 
layered polymer mortar joints in masonry through a constitutive damage interface model in 
finite element framework. The interface failure criterions are given in Equation 2.5 and 2.6 
for shear-compression regime (Coulomb interface failure) and shear-tensile regime 
respectively. The contact failure surface is shown in Figure 2.16. 
 
 
Figure 2.16: Contact failure activation criterions proposed by (Nazir and Dhanasekar 
2013). 
 
2 0[ tan( )]T Nf c            (2.5) 
2 2
1
0 0
1NTf
c


   
     
          (2.6)
 
 
The proposed masonry interface model replicated the behaviour of thin layer mortared 
masonry joints as well as the behaviour of meso level masonry structure like masonry panels 
for uniaxial as well as biaxial loading condition with elastic and plastic deformations. Plastic 
deformation was successfully achieved with strain hardening and softening. The uniaxial 
tension, shear bond and biaxial tension-compression loading simulation and response curves 
of thin layer mortared masonry were trialled in Nazir and Dhanasekar (2013). With their 
numerical simulations they only developed a partial failure surface of thin layer mortared 
masonry as shown in Figure 2.17.  
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Figure 2.17: Failure surface for homogenised thin mortar layered masonry element. 
 
2.6 Summary 
The strength and deformation of masonry are reviewed. Key factors affecting the 
performance of masonry are identified as follows: 
1. Bond characteristics  
2. Workmanship 
3. Curing methods 
The bond itself is affected by the surface characteristics of unit, adhesion of unit-mortar 
interface, methods of spreading the mortar layer and curing methods. Workmanship of 
controlling the thickness of mortar has profound effect to the strength and deformation of 
masonry. Thicker the mortar joint, lower the compressive strength (also bond strength). 
 
Curing method is important to ensure prevention of shrinkage cracks. A minimum of 7 days 
moist curing is therefore adopted by many researches. Once moist cured, whether or not 
continued moist curing is required until testing depends on the type of mortar composition. 
Cement mortars perform better under moist curing and polymer cement mortars perform 
better under dry curing. 
 
Thin layer mortared masonry is not well explored compared to the conventional 10 mm thick 
mortared masonry. The work on thin layer mortared masonry is predominantly reported for 
highly perforated clay bricks in Europe. Some work on concrete block thin layer mortared 
masonry has also been carried out, however only limited information is found in the 
literature. 
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In the ensuing chapters thin layer mortared concrete masonry is systematically developed 
primarily through experimental studies. Varied forms (Solid, full size hollow, half scale) of 
concrete blocks are trialled in the experiments.  
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Chapter 3 : Research methodology     
3.1 Introduction 
The literature review has revealed that the research studies on thin layer mortared concrete 
masonry system are scarce. The available research information is not comprehensive to 
provide conclusions of any significance. Therefore to improve the understanding of thin layer 
mortared concrete masonry and its material and structural behaviour, the following aspects 
are essential, which are not readily traceable in the open literature: 
 
1. Effects of surface texture of units to thin layer mortared concrete masonry bond. 
2. Effects of variability in mortar joint thickness to the bond strength of thin layer 
mortared concrete masonry. 
3. Curing methods and their contribution to the bond development in thin layer mortared 
concrete masonry. 
4. Compression behaviour of thin layer mortared concrete masonry.  
5. Behaviour of thin layer mortared concrete masonry under combined shear-
compression stresses. 
6. Biaxial behaviour of thin layer mortared concrete masonry. 
 
Also limited information can be found on failure modes and numerical modelling methods of 
thin layer mortared concrete masonry. Consequently this PhD research study is driven by the 
pursuit of developing thin layer mortared concrete masonry through number of systematic 
experimental and numerical studies as described in this chapter.  
 
3.2 Research Plan  
The difficulties that occur with thin layer (2mm thick) mortared masonry in the context of 
unit height variance is illustrated in Figure 3.1. Currently conventional concrete units are 
manufactured with a tighter height variance of ±2 mm in Australia. For mortar thickness of 
10 mm practiced in conventional masonry, this variability is quite reasonable. However ±2 
mm of unit height tolerance cannot be adopted in thin layer mortared masonry construction as 
the mortar thickness can be as low as 2 mm. Therefore unit manufactures have to carry out 
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additional process of cutting and/or grinding of unit surfaces to ensure that the manufactured 
units are within the allowable tolerance, so that they can be adopted in thin layer mortared 
masonry construction. 
 
 
Figure 3.1: Issue of unit height variation to thin layer mortar application. 
 
To maintain tighter variance of height, the units must undergo additional processes, such as 
cutting and/or grinding through a series of rolling wheels whilst the cured blocks are 
transported in conveyor belts. These additional processes of unit surface preparations would 
affect the surface texture and hence the bonding characteristics of thin layer mortared 
masonry. Effect of unit surface texture to bonding is therefore essential for proper 
development of thin layer mortared masonry structural systems. 
 
Commonly used cement-lime mortars contain maximum sand particles of sizes passing 
through 2.32 mm sieve and used in conventional masonry containing 10 mm thick mortar 
joints. Clearly such sand cannot be used in 2 mm thin layer mortar joints. Finer sand can 
contain clay particles that are detrimental and hence should be avoided. Therefore, polymer 
in cementitious pastes is an attractive option in the manufacture of mortars for thin layer 
mortared masonry. Effect of polymers in mortars to the bond characteristics of masonry is 
hitherto unknown and requires careful examination. This research attends to such details.  
 
 
Masonry unit 
2mm Mortar application 
2 mm 
Unit 
height 
of unit 
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Figure 3.2: Flow chart of research methodology. 
 
 
Predict the thin layer mortared concrete 
masonry under combined state of stresses 
No 
Develop FE numerical modelling technique 
of thin layer mortared concrete masonry 
Yes 
Calibrate of FE modelling technique 
Prediction of bond and compression behaviour 
of thin layer mortared concrete masonry 
Validate the prediction with experimental results 
Is validation 
good? 
Validate the prediction with experimental results 
 
Predict the biaxial behaviour of thin layer 
mortared concrete masonry 
Conclusions 
Investigate the effects of unit 
surface preparation  
Address the issue of joint 
thickness variance 
Flexural and shear bond studies 
Strategies for development of thin layer 
mortared concrete masonry  
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From the fundamental bond studies involving unit texture, mortar type and mortar application 
methods, the research extends the investigation to flexural bond, shear bond, compression, 
combined shear-compression stress state and biaxial behaviour of thin layer mortared 
concrete masonry. The research process is illustrated in Figure 3.2 as flow chart. 
 
This PhD study will utilise a range of concrete units (Solid, full size hollow and half scale) 
with varying dimensions and sizes, therefore realistic conclusions can be drawn. The usage of 
varied size and shape of units bring its own challenge on loss of coherence of the data from 
one chapter to another. In order to overcome this challenge numerical models are used 
extensively in this work, thus proper transition between chapters could be obtained. For 
example, a numerical model calibrated with solid masonry unit is used to predict the response 
of full size hollow concrete unit bond behaviour of thin layer mortared concrete masonry. 
The experiments with such full size concrete unit bond tests produced sufficient data to 
validate the predicted results. This approach (numerical prediction followed by experimental 
verification) is used throughout the thesis.  
 
3.3 Summary  
The research methodology for this PhD research is presented in this chapter. The research 
studies address key properties required for the development of thin layer mortared concrete 
masonry. Chapter 4 presents bond studies using solid concrete unit and polymer cement 
mortar. Chapter 5 presents a numerical model calibrated with the data from experiments 
reported in chapter 4. The numerical model is then used to predict the responses of full size 
hollow concrete blocks with polymer cement mortar masonry behaviour in the following 
chapters.  
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Chapter 4 : Bond studies on solid concrete block 
thin layer mortared concrete masonry 
4.1 Introduction 
The concrete masonry unit preparation involves additional process of cutting and/or grinding 
to control the height tightly for adopting to thin layer mortar application. Because of these 
additional unit preparation processes, the unit surface texture also changes. Therefore 
influence of the unit surface texture to the thin layer mortared concrete masonry bond 
characteristics was investigated. Mortar types and methods of application of the mortar layers 
were also varied in the investigation. This chapter is divided in to two parts to examine the 
above stated problems. (1) Influence of unit surface characteristics, mortar types and mortar 
application methods and (2) Effects of unit height variations for a selected mortar type and 
method of application.  
 
4.2 Part 1: Influence of unit surface characteristics, mortar types and 
application methods  
Part-1 experiments address the issue of unit surface preparation, mortar types and mortar 
application methods for thin layer mortared concrete masonry bond. Solid concrete units 
were used in the investigation. Because hollow concrete blocks could not be used effectively 
for controlled study. They were either cut, ground or sand blasted to modify the surface 
texture/roughnesses. 
 
Four mortar application methods were trialled. Three types of polymer cement mortars 
(Consisting of 2%, 3% and 4% polymer content) were considered. Both the flexural and shear 
bond characteristics were examined. A total of 174 specimens were tested. The flexural bond 
strength was determined by four point bending (beam) test using the provisions of 
conventional masonry in ASTM E513 (2003) and AS 3700 (2011). The shear bond strength 
was determined using triplet test method provided in EN 1052-3 (2002). 
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4.2.1 Unit  
Solid concrete block of 390 mm (Long) × 90 mm (Wide) × 90 mm (Thick) was selected in 
this investigation. The unit lateral modulus of rupture of the block was determined using 
three point flexural test in accordance with the ASTM C67-11 (2011). 50 kN Instron testing 
machine was used for the unit lateral modulus of rupture tests. The load was applied at the 
mid span of the block. The unit flexural crack started at middle span as shown in Figure 
4.1(a). The average unit lateral modulus of rupture and corresponding coefficent of varation 
are presented in Table 4.1. The complete set of unit lateral modulus of rupture test data are 
given in Table A.1 of Appendix A. 
 
The compressive strength of cut blocks 90 mm (Long) × 45 mm (Wide) × 90 mm (Thick)   
was determined using uniaxial compression test as shown in Figure 4.1(b). 300 kN Instron 
testing machine was used for the unit compression tests. The blocks were failed with vertical 
cracking on the face of the blocks. The average compressive strength and corresponding 
coeficent of variation are also presented in Table 4.1. The complete set of cut unit 
compressive test data are given in Table A.2 of Appendix A. 
 
 
Table 4.1: Solid concrete block properties. 
Tests 
Specimen 
numbers 
Testing 
Standard 
followed 
Average (MPa) COV (%) 
Compressive 
Strength (MPa) 
 6  AS/NZS 
4456.4 (2003) 
12.66 9.73 
Unit lateral 
modulus of 
rupture (MPa) 
6 ASTM C67-11 
(2011) 
3.14 8.25 
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Figure 4.1: Testing of solid concrete units. 
 
4.2.2 Unit surface textures 
In order to vary the unit surface texture, three types of unit surfaces were prepared. The 
selected solid concrete bricks (390 mm× 90 mm× 90 mm) were cut into 90 mm (Long) × 45 
mm (Wide) × 90 mm (Thick) slices using a diamond saw cutter with the blade thickness 
approximately 1.5 mm as shown in Figure 4.2(a). Then the characteristics of the cut concrete 
unit surfaces were altered as follows: 
 
(1) Ground (smoother) surface: Type 220 abrasive silicon carbide powder was used to 
grind the blocks. Each side of the surface was ground for 2 minutes to maintain 
consistency of the surface. The grinding machine is shown in Figure 4.2(b). 
 
(2) Sand blast (rougher) surface: The sand blasting cabin is shown in Figure 4.2(c) and 
the cut blocks were kept inside and sand was blasted with a sand blasting gun. The 
Cracking 
90 mm 
340 mm 
(a) Three point bending test  
(b) Compression test 
Load distribution 
beam 
Cut Block 
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Garnet (30-50 mesh) sand was used in sand blasting with 500 kPa pressure (each unit 
surface was sand blasted for 15 seconds).  
 
 
 
Figure 4.2: Concrete unit surface alteration methods. 
 
The surface texture of the concrete units were measured using a Talysurf stylus machine, 
which is widely used for metal tribological applications (Caliskan, et al., 2002; Abu-Tair et 
al. 2000); this machine is shown in Figure 4.3. The functional procedure of Talysurf stylus 
machine is as follows: a sharp stylus is tracked slowly across the surface and the up and down 
movement of stylus is recorded in a computer. The typical unit surface roughness profiles 
obtained from the block surface measurements are presented in Figure 4.4. The recorded 
surface profile is used to determine the roughness of each surface.  
 
(c) Sand blasting cabin  
(a) Cutting the full solid bricks 
Diamond Saw 
(b) Grinding the cut bricks 
Surface Grinder  
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Figure 4.3: The view of Talysurf stylus surface measurement machine. 
 
The term roughness average (Ra) is used to describe the roughness of the surface texture. It is 
the measure of arithmetic mean of the deviation between the measured vertical profile and the 
average profile. Six random blocks surfaces were selected from each type (Cut, Ground, and 
Sand blasted) of the prepared unit surfaces and roughness was measured in two perpendicular 
directions on each specimen. Therefore 12 roughness measurements were made for each unit 
surface type to obtain the average roughness. Table 4.2 presents the average roughnesses of 
three prepared surfaces with their respective coefficient of variations. It can be seen from 
Table 4.2 that the sand blasted surface has the highest roughness and the ground unit surface 
has the lowest roughness. Therefore it can be concluded that the surface treatment methods 
alter the unit surface textures and it can be quantified. 
 
Concrete block 
Stylus 
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Figure 4.4: Typical unit surface roughness profiles. 
 
Table 4.2: Average Roughness values of three prepared concrete unit surfaces. 
Type of concrete unit 
surface 
Number of 
measurements 
Average 
Roughness (µm) 
COV (%) 
Ground with silicon 
carbide powder 
12 2.74 13.7 
 
Diamond cut 12 4.57 11.5 
Sand blasted 12 6.13 16.3 
 
 
The prepared three surface textures are shown in Figure 4.5. It should be stated that the 
difference between the unit surfaces cannot be distinguished in this figure; however it can be 
felt by rubbing the hand on the surface. Where surface textures could not be measured (in 
later chapters when full sized hollow blocks were used, such blocks could not be held in 
(a) Ground 
(b) Cut 
(c) Sand blasted 
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position within the Talysurf equipment), the feel was used as a qualitative measure of the 
roughness. 
 
 
Figure 4.5: Altered unit surface textures. 
 
4.2.3 Mortar mix 
Polymer cement mortars (PCM) were supplied by Rockcote Australia as dry powder in air-
tight containers with specified blend of all ingredients. Only water was required to be added 
at site. Three types of PCMs, each with 2%, 3% and 4% polymer content by volume were 
chosen. Although better to be consumed once opened, as long as the air-tight lid is well 
locked immediately after retrieval of the required quantity of mortar mix, it was found that 
the mortar can be kept with good workability and consistency. 
 
The PCMs were mixed with a ratio of 250 ml of water to 1 kg of dry mortar mix, irrespective 
of polymer content. This amount of water was finalised after several trials of mortar mixing 
from the perspective of consistency of mix and workability. All three PCMs (2%, 3% and 
4%) were mixed to a workable condition and appropriate consistency commensurate to 
proper application.  
 
4.2.3.1 Testing of mortars 
The Australian Masonry standard (AS 3700, 2011) does not provide any mechanical testing 
for masonry mortar as a measure of quality. However to check the quality of the supplied 
PCM mortars, they were tested for compressive and flexural strengths as per the provisions in 
BS EN 196-1 (2005).  
 
Cut Ground Sand blasted 
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The compressive strength of the mortar was determined from cylindrical specimens of 50 mm 
(Diameter) ×100 mm (High) as shown in Figure 4.6(a). The cylinders were casted in plastic 
non-absorbent moulds and batches of them were tested after 7 days and 28 days of casting. 3 
mm rubber capping was provided to avoid steel platen to contact the specimen surfaces 
during the testing. The flexural strengths of the mortars were determined by three point tests. 
The beam dimensions were 160 mm (Long) × 40 mm (Wide) × 40 mm (Thick). The mortar 
beams were casted in non-absorbent moulds as presented in Figure 4.6(b) and batches were 
tested after 7 days and 28 days of casting.  Figure 4.6(c) and (d) show the testing 
arrangements. All specimens were tested in a 50 kN capacity Instron testing machine under 
displacement control. 
  
 
 
Figure 4.6: Casting and testing of mortar specimens. 
 
(a) Mortar cylinders in mould (b) Mortar beams in mould 
(c) Testing of mortar cylinder (d) Testing of mortar beam 
100mm 
160mm 
40mm 
50mm 
40 mm 
160 mm 
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The results of the mortar cylinder compression tests are given in Table 4.3. BS EN 998-2 
(2002) stipulates that the minimum compressive strength of thin layer mortar should be 5 
MPa, whilst the minimum shown in Table 4.3 is 5.26 MPa. Therefore the mortar used in this 
research satisfied this requirement. The change in polymer contents caused only an 
insignificant increases in compressive strength of PCM as according to the Table 4.3. 
However the compressive strength of all three types of PCMs almost doubled from 7 days to 
28 days. Similar to the compressive strength, change in polymer content caused only an 
insignificant increase in flexural strength of PCM as according to the Table 4.4. Also the 
flexural strength of all three types of PCMs almost doubled from 7 days to 28 days, 
analogues to compressive strength.  
 
Table 4.3: Average compressive strengths of mortars. 
Mortar Type 
7 days 
compressive 
strength (MPa) 
COV 
(%) 
28 days 
compressive 
strength 
(MPa) 
COV 
(%) 
2 % PCM 5.26 7.0 13.79 8.5 
3 % PCM 5.42 11.1 13.92 17.3 
4 % PCM 5.76 6.3 9.61 4.8 
 
 
Table 4.4: Average flexural strengths of mortars. 
Mortar Type 
7 days 
flexural 
strength 
(MPa) 
COV 
 (%) 
28 days 
flexural 
strength 
(MPa) 
COV 
 (%) 
2 % PCM 2.76 8.0 4.9 14.0 
3 % PCM 2.87 14.1 4.56 15.4 
4 % PCM 2.98 14.0 5.66 3.7 
 
4.2.4 Method of application of mortar 
As mentioned earlier, stack bonded beams and triplets were constructed to evaluate the 
flexural and shear bond strengths of masonry respectively. The specimens were made with 
four techniques of mortar dispersion. The adopted mortar application methods were: (1) 
brushing (2) roller discharging (3) dipping of units into the mortar and (4) traditional 
trowelling. All these mortar application processes are shown in Figure 4.7. 
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Figure 4.7: Mortar applications methods. 
 
4.2.5 Masonry specimen preparation  
2 mm mortar layer thickness was adopted for the construction of thin layer mortared concrete 
masonry. To construct specimens without misalignment of units, L shaped rig boards were 
prepared as shown in Figure 4.8 and the specimens were constructed on the edges of the 
board. The dimensions (i.e. height of each stack block course) were marked on the rig boards 
to maintain the mortar thickness and specimen dimensions during the construction.  
 
(a) Trowelling (b) Roller discharging 
(c) Brushing (d) Dipping 
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Figure 4.8: Rig boards used to specimen construction. 
 
The stack lengths of seven blocks (for beams) and three blocks (for triplets) were determined 
prior to mortar application. The average mortar joint thickness achieved in the constructed 
specimens was determined by subtracting the specimen lengths from the stack length of 
seven blocks (for beams) and three blocks (for triplet). It was found that the mortar joint 
thickness was achieved with an accuracy of ±0.2 mm. Although dry curing would have 
maximised the strength of polymer-cement mortared masonry, wet curing method (moist 
cure) was adopted in all the experiments reported in this chapter to avoid the variability due 
to changes in climatic condition and to maintain consistency. For this purpose, the specimens 
were fully covered as shown in Figure 4.9 with plastic sheets to prevent moisture loss and 
cured until they were ready for testing.  
 
 
 
Figure 4.9: Specimens under polythene cover for curing. 
 
(b) Triplet specimens (a) Beam specimens 
Specimen dimensions are 
marked on rig board 
(a) Constructed beams (b) Constructed triplets 
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There were 36 combinations available with three surface textures, three mortar types and four 
methods of application. All possible combinations were examined for the flexural bond study, 
which resulted in 120 beams (minimum 3 beams for each of the 36 combinations). For the 
shear bond tests, only the two types of application methods were considered based on the 
results of the flexural bond studies. Allowing three triplets for each combination, a total of 54 
triplets were prepared and tested.  
 
Whilst more replicates for each combination would be desirable, the rather large number of 
combinations restricted the number of replicates to just three (or five in some instances to 
make the total 120) in this investigation. The dimensions of beam and triplet specimens are 
illustrated in Figure 4.10. Each specimen combination (beam or triplet) was provided with a 
unique name as presented in Table 4.5 for convenient of understanding. 
 
 
Figure 4.10: Beam and Triplet Test setups. 
 
Table 4.5: Naming convention of Specimens 
Unit Type 
Trowel(T) Brushing(B) Dipping(D) Roller(R) 
2% 3% 4% 2% 3% 4% 2% 3% 4% 2% 3% 4% 
Ground (G) GT2 GT3 GT4 GB2 GB3 GB4 GD2 GD3 GD4 GR2 GR3 GR4 
Cut (C) CT2 CT3 CT4 CB2 CB3 CB4 CD2 CD3 CD4 CR2 CR3 CR4 
Sand Blasted (S) ST2 ST3 ST4 SB2 SB3 SB4 SD2 SD3 SD4 SR2 SR3 SR4 
 
 
Moreover to avoid steel platen contact on to the masonry specimen, which can cause 
premature bearing failure, 3 mm thick timber pieces were inserted between the specimen and 
(a) Beam specimen (b)Triplet specimen 
300mm 
100mm 100mm 100mm 
90mm 
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the support/ loading steel plates. Testing of all specimens was carried out on 14 days after 
construction. All tests were performed in a 50 kN Instron machine and the loading was 
recorded with 0.0001 kN precision using the displacement controlled speed of 0.3 mm/min. 
 
The deformations of the specimens were monitored through digital imaging during the 
specimen testing. A digital SLR camera (Canon EOS 5D Mark III) was used for this purpose. 
The camera was attached to a tripod at a distance to provide clear coverage of the specimens, 
especially at the unit-mortar interface. Once the specimen was placed under the testing rig 
and properly aligned, the digital camera was set up approximately parallel to the specimen on 
a tripod in such a manner it provide good coverage of the test specimen as shown in Figure 
4.11.  
 
 
Figure 4.11: Typical Test set-up. 
 
Later the camera was connected to a computer that controlled the shutter through special 
purpose software specific to the camera. Each test took approximately 2-3 minutes; digital 
images were taken at 5 seconds interval. A total of 40-50 images were obtained from each 
test and used in the specimen deformation analysis.  
 
4.3 Results and Discussion 
4.3.1 Failure modes of triplet and beam specimens 
All the thin layer mortared concrete masonry shear and flexural bond specimens failed 
through mortar unit interface as shown in Figure 4.12. Shear failures occurred on one of the 
Specimen 
Camera used for 
image capture 
 
Instron 
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weakest joints of the triplet specimens. Similarly the flexural failures occurred in the weakest 
joint encounted within the span where the bending moment was maximum.   
 
Due to 2 mm mortar joint thickness, it was difficult to ascertain whether the failures occurred 
through mortar or through the interface. All the beam and triplet specimen of thin layer 
mortared concrete masonry failed in brittle manner, without any initial visible crack 
developments. The brittle nature of failure is attributed to the brittleness of thin layer 
interface. This failure mode is consistent with the unreinforced stack bonded conventional 
masonry (Abdou et al., 2006; Khalaf, 2005; Pavia and Hanley, 2010).  
 
 
 
Figure 4.12: Typical failure pattern of beam and triplet specimens. 
 
4.3.2 Flexural bond strength 
The average flexural bond strengths and the corresponding coefficient of variations 
determined from each group of test specimens are given in Table 4.6. The complete sets of 
strength data for all 120 beam specimens are given in Table A.3 of Appendix A. The average 
flexural bond strength of thin layer mortared concrete masonry varies between 0.42 MPa to 
1.37 MPa. The conventional masonry flexural bond strength data collection is presented in 
section 2.2.3 exhibited a range 0.02 MPa to 1.23 MPa. Therefore it can be stated that the thin 
layer mortared masonry flexural bond strength with PCM is relatively higher that of the 
conventional masonry bond strength. The good adhesion properties of PCM mortar and their 
higher ratio of the flexural to compressive strength of the polymer cement mortar could have 
contributed to the increase of bond strength in thin layer mortared concrete masonry. 
 
(a) Beam failure (b) Triplet failure 
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Table 4.6: Average flexural bond strength of Part-1 beam tests. 
APPLICATION TROWEL BRUSHING ROLLER DIPPING 
Combination GT2 CT2 ST2 GB2 CB2 SB2 GR2 CR2 SR2 GD2 CD2 SD2 
Average (MPa) 1.15 1.1 0.67 1.09 0.95 0.65 0.89 0.58 0.42 0.80 0.62 0.46 
COV (%) 7.09 9.09 35.4 6.92 19.0 28.22 14.81 7.82 6.92 6.08 8.43 5.73 
Combination GT3 CT3 ST3 GB3 CB3 SB3 GR3 CR3 SR3 GD3 CD3 SD3 
Average (MPa) 1.2 1.18 0.71 1.37 1.08 0.71 0.91 0.74 0.57 0.87 0.61 0.55 
COV/(%) 15.36 17.49 52.01 4.25 25.52 13 3.7 16.03 5.26 1.52 9.99 15.91 
Combination GT4 CT4 ST4 GB4 CB4 SB4 GR4 CR4 SR4 GD4 CD4 SD4 
Average (MPa) 1.23 1.21 0.78 0.95 0.95 0.73 0.97 0.73 0.61 0.92 0.78 0.66 
COV(%) 30.72 12.55 9.22 8.91 6.17 8.54 5.47 8.54 18.91 1.4 14.15 5.04 
TEXTURE Ground Cut 
Sand 
blasted  Ground Cut 
Sand 
blasted Ground Cut 
Sand 
blasted Ground Cut 
Sand 
blasted 
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It can be seen that the rougher (sand blasted) surfaced specimens consistently show lower 
bond strength. Smooth (Ground) surfaced specimens have achieved the highest bond strength 
irrespective of the method of application and also have shown less sensitivity to the polymer 
content. This finding is consistent with the studies from dental plaster bond by Ariyaratnam 
et al., 1999 and Leong et al., 2006. The ‘valleys’ at the rough surface interface might have 
created stress concentration at interface during the loading that lead to those specimens 
failure in lower bond strength levels. Reddy and Gupta (2006) concluded similarly for soil-
cement block masonry as narrated in section 2.2.12. It also can be noted that the trowel and 
brushing methods of mortar applications have given relatively higher bond strength than the 
roller and dipping methods. 
 
Therefore it is clear that the method of application (workmanship) and the surface textures 
are more important than the change in polymer content in the mortar itself. This is useful as 
higher polymer content make the mortar mix expensive. The finding helps making the thin 
layer mortared concrete masonry economical. The results shown above also provide support 
for the additional process of cutting and/or grinding of units as such processes would reduce 
roughness and would improve the flexural bond strength with proper application method.  
 
4.3.3 Shear bond strength 
Four application methods have been tried in the flexural bond strength study (resulting in 120 
specimens) and two of the methods that either outperformed the others or resulted in poor 
flexural bond strength. Therefore only brushing (highest flexural bond strength) and dipping 
(lowest flexural bond strength) methods were considered in the shear bond strength study to 
reduce the number of combinations of shear bond study. The combinations were reduced to 
18 and totally 54 specimens were tested. The average shear bond strengths and the 
corresponding coefficient of variations determined from each group of test specimens are 
given in Table 4.7. The complete strength data of all 54 specimens are given in Table A.4 of 
Appendix A.  
 
The average shear bond strengths of the triplets have varied between 0.5 MPa to 1.29 MPa in 
combinations examined in this study. The conventional masonry shear bond strength data 
presented in section 2.2.3 have shown a range 0.04 MPa to 1.04 MPa. Therefore it can be said 
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that the shear bond strength remains higher in thin layer mortared concrete masonry 
construction containing PCM relative to the conventional masonry.  
 
Table 4.7: Shear bond strength of Part-1 triplet tests. 
Application Brushing Dipping 
Combination GB2 CB2 SB2 GD2 CD2 SD2 
Average 
(MPa) 1.05 1.14 0.72 0.82 0.6 0.5 
COV (%) 12.26 6.56 5.91 31.44 5.9 5.62 
Combination GB3 CB3 SB3 GD3 CD3 SD3 
Average 
(MPa) 1.07 0.99 0.71 0.98 0.88 0.66 
COV (%) 10.65 40.59 6.61 22.14 22.98 7.76 
Combination GB4 CB4 SB4 GD4 CD4 SD4 
Average 
(MPa) 1.29 1.23 0.79 1.06 0.91 0.69 
COV (%) 7.05 1.82 4.65 13.69 24.32 5.35 
Texture Ground Cut 
Sand 
blasted Ground Cut 
Sand 
blasted 
 
 
From the three surface textures examined in this shear bond strength study, sand blasted 
surface texture (roughest) unit combinations gave the lowest bond strength and ground 
(smoothest) unit surface gave the highest shear bond strength. This has to be ascribed that the 
use of rough surface units with the polymer mortar did not lead to a complete adhesion of the 
mortar layered joints contrary to the use of smooth unit surface with the PCM, thus aligning 
with the findings of section 4.3.2. It is also can be observed that the brushing method of 
mortar applications has given relatively higher shear bond strength than the dipping method. 
 
4.3.4 Method of deformation measurement 
Traditionally deformations of masonry are measured using linear variable displacement 
transducers (LVDTs) affixed on the surface of the specimens. With the LVDTs, the average 
strain of the masonry is measured between two selected points (normally along a gauge 
length of two blocks and two mortar joints). Further there is a risk of damage of LVDT due to 
occasional premature collapse of masonry specimens. In recent years non-contact 
deformation measurement methods have become popular in many engineering applications. 
Digital image correlation method (DIC) is one amongst them (refer Pan et al., (2009) for 
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more details). A special class of DIC known as Particle image Velocimetry (PIV) was 
developed for measuring velocity of fluids at Cambridge university, UK (Adrian, 1991). This 
technique was later modified by White et al, (2003) for natural sand particle deformation.  
 
Later Thusyanthan et al, (2007) used this technique to measure the strains in clay beams. 
Fundamentally this technique will predict strains, provided ‘particles’ (of specific texture and 
colour) are identified clearly by the algorithm, which depends on the quality of the digital 
image recoded during the experiment. Appropriate light levels, shutter speed and focus must 
be maintained and the camera shall remain stationary (on a firm tripod) with no manual 
intervention. Therefore a computer is essential to trigger the shutter opening. For masonry 
deformation measurements, commonly available digital SLR camera was found sufficient 
due to the inherent surface texture on masonry surface . More details of the image analysis of 
deformation can be found in Bandula-Heva & Dhanasekar (2011). 
 
The basic principle of DIC analysis is tracking of the same texture and colour (or pixels) 
between two successive images recorded before and after deformation as schematically 
illustrated in Figure 4.13. The coordinates of mid points of each patch on each successive 
image are determined by the algorithm through calibration of distance between the pixels to a 
standard distance measure. The initial distance between the selected two points is first 
determined from the reference image. The distance between the two points during the 
deformation of the specimen is obtained from the successive deformed images. 
 
In the DIC analysis, the digital image is divided into a grid of patches as shown in Figure 
4.13. The size of the patch and the distance between patches were decided depending on the 
purpose of measurement. A set of coordinates of the patch centre locations for each of the 
successive images are first generated. The displacement vector in the centre of each patch 
during the interval between successive images is found by locating the peak of 
autocorrelation image function of each patch. The peak in the autocorrelation function 
indicates that two images of each particle captured in the images exactly overly on each 
other. Therefore the correlation offset is equal to the displacement vector.  
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Figure 4.13: Schematic illustration of basic principle in DIC analysis. 
 
This operation is repeated for entire mesh of patches within the image and then repeated for 
each within the image set to produce complete coordinates of each test patches in the given 
images. The coordinates were then used to determine the strain tensors, namely lateral strain  
( xx ), vertical strain ( yy ) and in plane shear strain ( xy ). The surface strain field is thus 
determined from Equations (4.1) – (4.3). 
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In this DIC analysis, the displacements are measured in pixels from images, which are used 
later in the strain calculation. Therefore the precision of the strain measurements is directly 
associated with the resolution and clarity of the digital images (pixel density). The higher the 
resolution of the digital images, the better the accuracy of the strains. Therefore, selection of 
camera with high resolution is important. Canon EOS 5D Mark III digital SLR with 22MP 
full time frame sensor was selected for this task. Typically the images were taken at 5760 × 
3840 pixels density for the DIC analsysis. 
0 0
( , )P x y  
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( , )Q x y
 
y 0 0
' ' '( , )P x y  
Target Patch 
Deformed Image 
  
  
1 1
' ' '
( , )Q x y
 
y 
Chapter 4 Page 58 
 
Since masonry interface deformation (bond) is the most important area of investigation and 
the interface zone should be zoomed into the digital image for detail analysis. Therefore the 
24-70 mm lens was attached to the Canon EOD 5D Mark III. The assembly of the camera 
body is shown in Figure 4.14. 
 
 
 
Figure 4.14: The SLR Camera body and lens. 
 
4.3.4.1 Deformation plots of beam specimens 
For the beam deformation measurement, digital images were taken at 5 second intervals from 
start to the end of each beam test (as described in Section 4.2.5). These images were analysed 
to obtain flexural tensile strain across two unit mortar joint as shown in Figure 4.15. The 
procedure of analysing the digital images is illustrated through an example shown in Figure 
4.15 for beam specimens.  
 
Mid points of two patches P1 and Q1, were selected (refer to Figure 4.15) to analyse the 
flexural tensile strain at unit-mortar interface of beam bottom fibre. A zone of 45 mm × 80 
mm was chosen for the analysis. The zone was divided into 15 × 20 patches, with the size of 
a typical patch as 50×50 pixels. In order to calculate the flexural tensile strain, the horizontal 
coordinate differences ( 0x , 1x ) between the points 1P - 1Q  (in every successive image from 
Tripod 
Canon EOS 5D 
Mark III 
Lens 24-70 mm 
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initial reference image) were considered and the flexural tensile strains were calculated using 
Equation (4.1). A sample calculation of flexural tensile strain in DIC analysis is given below. 
 
 
Figure 4.15: Typical beam specimen divided into patches for image analysis. 
 
 
The selected patch numbers and corresponding patch coordinates are given in Table 4.8 from 
output text file generated from DIC analysis. The symbols in the Table 4.8 are explained in 
Table 4.9. The coordinates used for flexural tensile strain calculation are given in Table 4.8 
and the flexural strain calculation is given in Equation 4.4. 
 
 
Table 4.8: Patch coordinates sleeted from DIC output text file for tensile strain analysis. 
Patch 
No 0u  0v  fu  fv  ud  vd  
Patch 
size 
663 2328 428 2331.147 428.96 3.1467 0.96 50 
677 1628 428 1630.85 428.59 2.85 0.59 50 
 
 
 
 
 
 
Concrete block 
2mm mortar joint 
1 1 1
( , )
 
Q x y
 
1 0 0
( , )
 
P x y  
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Table 4.9: Description of the symbols in Table 4.8. 
Column 
Notation 
Description 
Patch No Patch selected for analysis 
0
u  Horizontal coordinate ( 0x ) of the patch in the first image 
0
v  Vertical coordinate ( 0y ) of the patch in first the image 
f
u  Horizontal coordinate of the same patch in the successive 
image 
f
v  Vertical coordinate of the same patch in the successive 
image 
u
d  Horizontal displacement vector of the patch in the 
horizontal ( x ) direction 
v
d  Vertical displacement vector of the patch in the vertical( y ) 
direction 
Patch size The width of a side of square patch 
 
 
4(2331.147 1630.85) (2328 1628) 4.2 10
(2328 1628)
xx
    

    (4.4) 
 
The flexural bond stresses ( stf ) were calculated using Equation (4.5) from Instron load data 
for a selected time (load data were recorded against time). The calculated flexural tensile 
strain at a particular time was matched with flexural bond stress calculated from Equation 
(4.5) to get flexural bond stress vs. flexural tensile strain plots. 
 
6
st
tf
F l
z
        (4.5) 
In which 
2
6
bd
z   where d  was calculated as the distance from the top fibre of the cross 
section to the point where strain was measured. Where tF  is the load obtained at a particular 
time, l  is the span of the beam.   
 
Only cut block beam specimens with two different mortar application methods (Brushing and 
Dipping) were analysed due to the unavailability of DIC analysis facility during the testing of 
beam specimens. The evaluation of the flexural bond stress vs. flexural tensile strain at the 
unit mortar interface with different specimen combinations are presented in Figure 4.16 from 
digital image analysis technique. One should note that the post-peak deformation behaviour 
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could not be captured from the DIC deformation analysis, because of the brittle failure nature 
of stack bonded unreinforced thin layer mortared concrete masonry. Almost all the beam 
specimen combinations exhibit similar deformation behaviour, which is around 0.0005-
0.0007 ultimate flexural tensile strain (i.e. strain at failure load). 
 
 
Figure 4.16: Flexural bond stress vs. flexural tensile strain at unit-mortar interface. 
 
4.3.4.2 Deformation plots of shear triplet specimens 
Digital images taken at 5 second intervals from start to the end of each test (as described in 
Section 4.2.5) resulted in a total of 30-40 images for each triplet test. The procedure of 
analysing the digital images is illustrated through an example presented in Figure 4.17 for 
triplet shear specimens.  
 
Mid points of two patches X  and Y  were selected (refer to Figure 4.17) to analyse the shear 
strain at unit-mortar interface of triplets. In order to calculate the shear strain, the vertical 
coordinate differences ( 0y , 1y ) and the horizontal coordinate differences ( 0x , 1x ) between the 
points X -Y   (in every successive image from initial referenced image) were considered and 
the shear strains were calculated using Equation (4.3). A zone of 45 mm × 80 mm was chosen 
for the analysis of triplet specimens. The zone was divided into 11 × 11 patches, with the size 
of a typical patch as 50×50 pixels. A sample calculation of shear strain in DIC analysis is 
given below. 
 
The selected patch numbers and corresponding patch coordinates are given in Table 4.10 
from output text file generated from DIC analysis. The symbols in the Table 4.10 are already 
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explained in Table 4.9. The coordinates used for shear strain calculation are given in Table 
4.10 and the shear strain calculation is shown in Equation 4.6. 
 
Figure 4.17: Typical triplet specimen divided into patches for image analysis. 
 
Table 4.10: Patch coordinates selected from DIC output text file for tensile strain 
analysis. 
Patch 
No 0u  0v  fu  fv  ud  vd  
Patch 
size 
962 2078 1478 2080.67 1480.03 2.67 2.03 50 
811 1978 1178 1980.527 1179.98 2.527 1.98 50 
 
4(2080.67 1980.527) (2078 1978) (1480.03 1179.98) (1478 1178) 9.47 10
(1478 1178) (2078 1978)
xy
        
        
(4.6) 
 
The shear bond stresses ( t ) were calculated using Equation (4.6) from Instron load data for a 
selected time (load data were recorded against time). The calculated shear strain at a 
particular time was matched with shear bond stress calculated from Equation (4.7) to get 
shear stress vs. shear strain plots. 
 
0 0, )( yX x  
1 1, )( yY x
 
 
Concrete Block 
2mm mortar joint 
Chapter 4 Page 63 
 
t
tF
A
       (4.7) 
 
Where tF  is the load obtained at a particular time and A  is the shear cross sectional area 
(which is 8100mm
2
 in this analysis). 
 
The evaluation of the average shear bond stress vs. the shear strain at the unit mortar interface 
with different specimen combinations are presented in Figure 4.18 from DIC analysis 
technique. One should note that the post-peak deformation behaviour could not be captured 
from the image deformation analysis, because the shear triplets failed suddenly in brittle 
manner once cracked in the unit-mortar interface. Almost all the combinations exhibit similar 
deformation behaviour, which is around 0.0025-0.003 ultimate shear strain. 
 
The secant shear modulus was calculated at one third of the peak shear stress and 
corresponding shear strain from Figure 4.18 and presented in Table 4.11. As depicted in shear 
bond strength, the shear modulus also varied in similar analogy. The cut and ground block 
(smoother surfaced) specimens showed higher shear modulus than the sand blasted (rougher 
surfaced) specimens. This can be attributed to the lower bond strength showed the way to 
lower modulus and higher bond strength lead to higher shear modulus. Therefore the results 
generally show the higher bond strength specimens demonstrate higher shear modulus. 
 
Table 4.11: Average secant shear modulus of specimens in Part-1 triplet test. 
Application Brushing Dipping 
Combination GB2 CB2 SB2 GD2 CD2 SD2 
Secant shear 
modulus (MPa) 471 466 325 369 314 246 
COV (%) 12.3 14.4 4.2 3.4 8.6 13.2 
Combination GB3 CB3 SB3 GD3 CD3 SD3 
Secant shear 
modulus (MPa) 498 441 243 416 375 312 
COV (%) 6.8 26.4 17.4 7.6 12.8 15.2 
Combination GB4 CB4 SB4 GD4 CD4 SD4 
Secant shear 
modulus (MPa) 495 465 270 446 438 313 
COV (%) 16.6 17.9 29.1 26.8 11.5 16.4 
Texture Ground Cut 
Sand 
Blasted Ground Cut 
Sand 
Blasted 
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Figure 4.18: Shear bond stress vs. shear strain at unit-mortar interface. 
 
4.4 Part-2: Investigation of the unit height variance on thin layer 
mortared concrete masonry bonding behaviour  
The unit height can vary up to ±2.0 mm from standard design unit height as per AS/NZS 
4455.1 (2008). As the conventional masonry incorporates 10 mm thick mortar joints, its 
constructability is not adversely influenced by this level of unit height variance. For 2 mm 
thick thin layer mortared concrete masonry, the units should be manufactured with tighter 
height tolerances to maintain uniform thin layer mortar thickness.  
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An attempt has been made to experimentally examine the influence of joint thickness 
variation to the thin layer mortared concrete masonry shear bond behaviour. Only the shear 
bond responses of thin layer mortared concrete masonry with different joint thickness 
variations were considered in this investigation, because the influence of joint thickness 
variation to flexural or tensile bond behaviour of masonry can be dictated in a single weak 
interface unlike the shear bond in a staggered interface. Therefore the influence of joint 
thickness variation (caused by the variation of the unit heights) to the shear bond behaviour is 
more prominent than flexural and tensile bond behaviour of masonry. In this section the 
variation of joint thickness to the standard thickness of 2 mm is provided as ±0 mm (no 
change), ±1 mm (3 mm and 1 mm of adjacent joint thickness) and ±2 mm (adjacent joint 
thickness of 2 mm and 0 mm). 
 
4.4.1 Blocks 
To accurately produce units of tightly controlled desired dimensions, the solid concrete 
blocks of 390 mm (Long) × 90 mm (Wide) × 90 mm (Thick) were cut carefully using a 
diamond saw cutter as shown in Figure 4.19. The least dimension of the target cut blocks was 
limited to 1 mm. The required dimensions were marked on both sides of the block and each 
block was cut along the marked line with a tighter accuracy. The processes of cutting the 
blocks are shown in Figure 4.19(b) and (c). The targeted and achieved saw-cut block 
dimensions are given in Table 4.12 with notations. The positions of each cut block type that 
were used to construct every masonry configuration are indicated in the Figure 4.20. 
 
Table 4.12: Target and achieved cut block dimensions. 
Block Notation Block dimensions (mm)  
Achieved dimensions – 
Table A8 (mm) 
A 172×55×44 172.02×55.20×43.97 
B 115×55×44 115.13×55.14×44.48 
C 55×55×44 55.01×55.07×44.29 
D 115×57×44 115.15×57.35×44.18 
E 115×53×44 115.34×53.68×44.33 
F 115×59×44 115.30×59.21×45.27 
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Figure 4.19: Blocks cutting. 
 
4.4.2 Mortar 
Since the 4% PCM mortar was shown to provide relatively highest bond strength in Part-1 
study, 4% PCM mortar was selected and used in this investigation. The mortar mixing 
process and water content was kept the same as in the Part-1 study to prepare the PCM mix. 
 
4.4.3 Masonry specimen construction and testing 
Five series of thin layer mortared concrete masonry triplet configurations were constructed. 
The configurations of the constructed specimens with varying unit dimensions for each series 
are illustrated in Figure 4.20.  
 
Series 1 shown in Figure 4.20 was made as per the standard EN 1052-3 (2002). The designed 
unit height of this arrangement was 55 mm and the mortar joint thickness was 2 mm. Series 1 
was considered as the reference.  
(c) Diamond saw cutting  
(a) Dimensions marked on the block 
(d) Cut Block dimension measurement 
(b) Marked blocked positioned along the 
diamond saw 
Diamond saw 
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Series 2 is similar to series 1 except it contained horizontal joint in addition to the vertical 
joints in series 1. Effect of the presence of horizontal joint (perpends) in addition to the 
vertical joints (bed joints) can be measured by comparing Series 2 data with Series 1 data. 
Since the interest of this investigation was to study the unit height variation and its effect on 
joint thickness variation to shear bond strength response in the rest of the series unit heights 
were varied. 
 
In series 3 and 4, the top unit height of the middle course was varied to 57 mm and 53 mm 
respectively to generate joint thickness variation of  ±1 mm (to each of vertical joints) from 
the standard unit height (55 mm).  
 
In series 5, top unit height of middle course was changed to 59 mm to replicate the worse 
case, with the joint thickness variation of ±2 mm (to each of the vertical joint) from standard 
unit height (55 mm). In this series, the mortar joint thickness vanished; however, very thin 
layer (negligible thickness) of mortar was spreaded on the surface of one unit and the other 
unit was forced into the space – thereby the joints were not left as ‘dry’.  
 
Due care was taken to build the specimens with the specified dimensions. To construct the 
specimen without misalignment of units, L shaped rig boards were fabricated as shown in 
Figure 4.21. The specimens were made horizontally by marking the configuration of 
dimensions on a rig board to concisely check for accuracy of the mortar layer thickness and 
squareness of the units of specified dimensions in each series. Thereafter the specimens were 
fully covered with plastic sheets and cured until testing. Testing of all specimens was carried 
out on 14 days after construction, to maintain the consistency with part-1 study.  
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Figure 4.20: Shear test configurations for the effect of joint thickness variation (blocks 
A, B, C, D, E and F are as in Table 4.9). 
A A A 
B 
C 
C 
B 
B 
C 
C E C 
B C B 
C D C 
B C B 
C F C 
B C B 
(a) Series 1 (± 0 mm) (b) Series 2 (± 0 mm) 
(c) Series 3 (± 1 mm) (d) Series 4 (± 1 mm) 
(e) Series 5 (± 2 mm) 
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Figure 4.21: Specimen preparations. 
 
The average mass of each series and coefficient of variations are given in Table 4.13.  
 
Table 4.13: Average Mass of the each series. 
Series 
Number of 
specimens Average Mass 
(g) 
COV (%) Mass reduction 
compared to 
series 1(g) 
1 9 2840.66 2.82 - 
2 9 2810.61 1.80 -30.05 
3 9 2837.63 
 
0.99 
 
-3.03 
4 9 2772.15 
 
1.82 
 
-68.51 
5 9 2833.49 2.75 
 
-7.17 
 
 
It can be seen from the Table 4.13, the series which have thicker mortar joints (ex. series 4, 
with 3 mm thick mortar joints) had slightly less mass and the series which have more 
concrete block area dominance had slightly higher mass than standard series (series 2). The 
introduction of horizontal joints in series 2 lead to nearly 30g loss compared to series 1. 
Further increase in mortar joint thickness to 3 mm in series 4 lead to nearly 68.5g reduction in 
mass compared to series 1. In contrast, as the mortar joint thickness reduced and block 
thickness increased in series 3 and 5, the masses of the series came closer to the mass of 
series 1. This shows that the specimens were made with prior care, as it was important in this 
investigation. It also can be noted that the COV of masses of series are relatively low which 
shows the tightly controlled specimen construction process.  
(a) Mixing of polymer cement mortar (b) Constructed specimen 
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All tests were performed using the 50 kN Instron machine as in Part-1 experiments following 
provisions of EN 1052-3 (2002) – a figure of which is shown in Chapter 2 (Figure 2.2(c)). To 
achieve the accuracy of loading and reaction points, different steel loading plates were made 
for each test series. The vertical joint thickness varied in each series. As e is defined as the 
distance between the loading (or reaction) point and the mid thickness of the mortar joint, the 
variation in thickness demanded preparation of different loading plates for each series. The 
dimensions of the loading plates are shown in Fig. 4.22. 
 
 
Figure 4.22: Loading plate dimensions. 
 
All fabricated top and bottom loading plates are shown in Figure 4.23. 
Top plate: Series 1 and 2 
Top plate: Series 3  
Top plate: Series 4 Top plate: Series 5 
Bottom plate: All Series  
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Figure 4.23: Fabricated top and bottom loading plates for shear triplet test. 
 
The shear triplet was placed under the testing rig and properly aligned. The digital camera 
was set up as explained in Part-1. Each test took approximately 3-4 minutes; therefore digital 
images were taken at 5 seconds interval. A total of 40-50 images were obtained from each 
test and used in the DIC deformation analysis. The test set-up is shown in Figure 4.24. 
 
 
Figure 4.24: Full Test setup. 
 
Specimen 
Instron 
Camera used for 
image capture 
Image acquiring 
Top plate: Series 1 and 2 Top plate: Series 3  
Top plate: Series 4  
Top plate: Series 5  
Bottom plates 
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4.5 Results and Discussion 
4.5.1 Failure mode 
All specimens failures occurred through mortar unit interface as illustrated in Figures 4.25.  
Figure 4.25: Failure pattern of shear triplet series. 
 
It was difficult to ascertain whether the failures occurred through mortar or the interface. 
However it can be concluded the bond failures were observed in the specimens. All 
specimens failed suddenly in brittle manner as observed in previous shear bond tests in part-1 
investigation. It can be said that the joint thickness variation did not change the failure mode 
of the thin layer mortared concrete masonry under shear loading. 
 
4.5.2 Shear bond strength  
The shear bond test results of all series are given in Table 4.14. The complete shear bond 
strength data of this study is given in Table A.6 of Appendix A. The average shear bond 
strength varies between 0.58 MPa to 1.11 MPa in this investigation.  
 
 
 
Series 3 
Series 4 Series 5 
Series 1 Series 2 
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Table 4.14: Average shear bond strengths. 
Series  
Joint thickness 
variation (mm) 
Average Shear 
Strength (MPa) COV (%) 
1 0 1.11 19.77 
2 0 1.06 19.14 
3 ±1.0 1.08 17.22 
4 ±1.0 0.94 19.81 
5 ±2.0 0.58 18.64 
 
The influence of mortar bedding type to shear bond strength can be compared from series 1 
and series 2 specimen results. The stack bonded triplets and running bonded triplets shown 
almost same range of strengths, even though average shear bond strength of running bonded 
specimen was slightly lower. The presence of prepend joints in running bonded triplets must 
have reduced the shear bond strength than the stack bonded triplet strength. 
 
In order to understand the effect of the joint thickness variation to the shear bond strength, the 
series 2 to 5 shear bond strengths should be compared.  There is no significant variation in 
shear bond strength between series 2, 3, and 4 whose average shear bond strength is 1.06 
MPa, 1.08 MPa and 0.94 MPa  respectively. Only the average bond strength of series 4 
specimens is slightly lower (10%) than the series 2 and series 3 specimens. Therefore no clear 
variation of shear bond strength was observed due to joint thickness variation of 1mm.  
 
Series 5 (joint thickness variation 2mm) gave the lowest shear bond strength out of all the 
series. The shear bond strength was 0.58 MPa. This reduction of the strength was due to the 
absences of mortar in the bedding layer of the specimens. Therefore shear bond strength was 
from the shear frictional strength (in mortarless area) and bottom block bonded area bond 
strength in the series 5.  
 
From the above observations, it can be concluded that joint thickness variation in the range of 
±1.0 mm (for a 2mm thick joint) from standard height does not affect the shear bond strength 
significantly. Because still there would be 1 mm thick mortar can be applied between units to 
transfer the stresses. However the joint thickness variation in the range of ±2 mm (for 2mm 
thick joint) from standard height does affect the shear bond strength adversely, Because of no 
proper mortar layer to transfer the shear stress along the joint.   
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From this study it may be inferred that unit height variation of up to 2mm, which will result 
in a joint thickness variation of 1mm would be tolerated without significant drop in the 
shear bond strength of masonry.Deformation characteristics   
4.5.2.1 Method of deformation measurement 
The deformations were experimentally measured generally over a specified gauge length (one 
third of the height of specimen) to determine representative average shear strains. Digital 
images taken at 5 seconds interval from start to the end of each test (as described in Section 
4.4.3) resulted in a total of 40-50 images. These images were analysed to obtain interface 
shear strain. The procedures of analysing the images are illustrated through typical example 
as shown in Figure 4.26 for specimens. Mid points of two patches X and Y  were selected 
(refer to Figure 4.26) to analyse the shear strain at unit-mortar interface of triplets.  
 
Figure 4.26: Typical triplet specimen divided into patches for image analysis. 
 
In order to calculate the shear strain, the vertical coordinate differences between the points 
X Y and the horizontal coordinate differences between X Y (in every successive image 
from initial undeformed image) were considered and the shear strains were calculated using 
Equation (4.3). A zone of 80 mm × 170 mm was chosen for the analysis of all triplet 
specimens. The zone was divided into 16 × 34 patches with the size of a typical patch as 
1 1
( , )Y x y
 
0 0
( , )X x y  
80mm 
170mm 
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50×50 pixels. The evaluation of the shear bond stress vs. shear strain at the unit mortar 
interface of different specimen series are presented in Figure 4.27. Trend lines are drawn to 
best fit the DIC analysis curves. Once the initial cracks started in the unit-mortar, the unit 
mortar debonded in brittle manner and the debonded unit fell apart. Therefore the exact post-
peak behaviour was not captured in the analysis. The ultimate failure shear strain (i.e. shear 
strain at failure) of the series are in the range of 0.0019- 0.0028. Series 5 shows higher shear 
strain at lower load levels. This could be due to the non-mortar joints at the interface level 
and higher slip occurred at those joints.  
 
Figure 4.27: Shear bond stress vs. shear strain plots for all series. 
 
Series 1 Series 2 
Series 3 Series 4 
Series 5 
Chapter 4 Page 76 
 
Table 4.15: Secant shear modulus of all series. 
Series 
Shear Modulus 
(MPa) COV (%) 
1 526 12.7 
2 427 6.8 
3 503 13.0 
4 412 12.9 
5 217 15.3 
 
 
The secant shear modulus was calculated at one third of the peak shear stress and 
corresponding shear strain from the Figure 4.27 and presented in Table 4.15. As depicted in 
shear bond strength, the shear modulus also varied in similar analogy. The secant shear 
modulus varied between 217 MPa to 526 MPa in this investigation.  
 
4.6 Summary 
This chapter has addressed the bond characteristics of thin layer mortared concrete masonry. 
The parameters of unit surface texture, mortar application methods, polymer content in 
mortar and unit height tolerance to bond characteristics were investigated. Flexural beam 
specimens were tested under four-point bending as per ASTM E513 (2003) and shear triplet 
specimens were tested as per EN 1052-3 (2002). The following conclusions have been made 
from work reported. 
 
1. The polymer cement mortars (PCMs) can be used to lay 2 mm thick mortar joints 
with concrete masonry units.  
2. The shear and flexural bond strengths of thin layer mortared concrete masonry with 
polymer cement mortar is relatively higher compared to conventional masonry.  
3. The smoother the unit surface the better the bonding between unit and mortar, the 
rougher the surface the lower the bond strength for thin layer mortared concrete 
masonry. Therefore smoother unit surface allowed better spread of thin layer mortar 
than rougher surface. 
4. The methods of mortar application and unit surface textures influence the bond 
characteristics of thin layer mortared concrete masonry. The brushing and trowelling 
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methods gave higher bond strengths and dipping and rolling methods provide lower 
bond strengths.  
5. The bond characteristics of thin layer mortared concrete masonry did not vary 
significantly within the increase in of polymer content for the range 2%-4% 
examined. 
6. The joint thickness variation within ±1.0 mm will have negligible effect on the shear 
bond strength of masonry.  
 
 
 
From the parameters examined in chapter 4, the below observations can be made.  
1. Unit surface characteristics are the most influential parameter to bonding thin layer 
mortared concrete masonry. 
2. Mortar application methods are the second most influential parameter to bond 
development. 
3. Mortar composition (within the bound of 2%-4% polymer content) is the least 
influential parameter. 
4. Variation in thickness of adjacent joints due to the variation in the height of the 
manufactured units can affect the shear bond strength of masonry; a limit of 2mm 
variation in unit heights is recommended maximum from the study. 
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Chapter 5: Nonlinear finite element modelling of 
thin layer mortared concrete masonry  
5.1 Introduction 
This chapter presents a nonlinear two dimensional finite element modelling technique to 
predict the behaviour of micro assemblies of thin layer mortared concrete masonry. The 
concrete damage plasticity for masonry constitutive material behaviours (unit and mortar) and 
the traction separation interface damage model for masonry interface behaviour have been 
used in the model. The details of elastoplastic constitutive model and failure criteria for unit, 
mortar and masonry interface are presented. The developed model is calibrated with the bond 
test results of the solid concrete block masonry from chapter 4.  
 
5.2 Masonry failure modes and modelling approach  
To appropriately model the masonry, bond failure modes under flexural and shear loading are 
necessary. Chapter 4 describes these aspects from experimental studies. Figure 5.1 shows the 
basic masonry failure mechanisms at micro level. Each masonry failure mechanisms are 
explained below. 
  
(a) Interface tensile failure (Figure 5.1a): This failure occurs when the masonry 
interface subjected to tensile stresses that exceed the tensile bond strength of the 
interface.  
(b) Interface shear failure (Figure 5.1b): This failure happens when the interface is 
subjected to shear stresses that exceed the shear bond strength of the interface. 
(c) Unit tensile failure (Figure 5.1c): This failure takes place when the state of stress in 
the masonry unit exceeds its tensile capacity.  
(d) Unit failure with interface shear failure (Figure 5.1d): This failure occurs when the 
combination of compression and shear stresses exceed the unit or interface strength. 
(e) Unit compression failure (Figure 5.1e): This failure happens when the state of stress 
in the unit and mortar exceeds unit or mortar compression capacity.  
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All these failure modes of masonry can be commonly observed in any level of masonry 
experiments. A macro assembly of masonry wall under in-plane or out-of-plane loads would 
ultimately fail through the consequence of these failure modes. It can be understood that the 
failure modes of 5.1(a), 5.1(b) and 5.1(d) are dominated by the masonry interface 
characteristics. The failure modes of 5.1(c) and 5.1(e) are the result of material failure (i.e. 
unit/mortar compression and tensile failures). Therefore, all these failure modes have been 
carefully considered and incorporated for masonry material and interface modelling in this 
chapter. 
 
 
 
Figure 5.1: Basic masonry failure modes (Lourenco, 1996). 
 
5.3 Material model 
The Quasi brittle materials such as concrete and cement mortar undergo several damage 
states, such as tensile cracking, compressive crushing failure and stiffness degradation. To 
account for different damage characteristics in tension and compression, the degradation of 
the elastic stiffness is characterised by two damage variables td  and cd which are assumed to 
(b) Interface shear failure (a) Interface tensile failure (c) Unit tensile failure 
(e) Unit compression failure (d) Unit and interface failure 
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be functions of the inelastic strains in this numerical model as defined in Equation (5.1) and 
(5.2) respectively.  
 
( );0 1plt t t td d d        (5.1) 
( );0 1plc c c cd d d        (5.2) 
 
 
pl
t and 
pl
c refer to as tensile and compressive equivalent inelastic strains, respectively. This 
material model is incorporated as the concrete damage plasticity model in ABAQUS finite 
element package and has been used in this modelling to simulate the damage in constitutive 
materials in masonry (i.e. unit and mortar). The damage variables ( td  and cd ) can take values 
from zero (representing the undamaged material) to one (representing the fully damage 
material). 
 
If 0E  is the initial (undamaged) elastic stiffness of the material, the stress-strain relations 
under uniaxial tension and compression loading can be respectively defined as in Equations 
(5.3) and (5.4) respectively: 
 
0(1 ) ( )
pl
t t t td E          (5.3) 
0(1 ) ( )
pl
c c c cd E          (5.4) 
 
In which t  and c are tensile and compressive strains in material. Main two failure 
mechanisms (tensile cracking and compressive crushing) are accounted in the damage model. 
For compressive type of stress, crushing is assumed to occur when the compressive stresses 
reaches the critical compressive capacity of the material. For a tensile stress state, the 
cracking is assumed to occur when the state of stress reaches the critical tensile strength of 
the material. Therefore when the state of stress reaches a certain critical value the material 
fails by cracking or crushing. 
 
The compressive inelastic strain is defined as the total strain minus the elastic strain 
corresponding to the undamaged material, 0
pl el
c c     where
0
0
0
el c
E

   as illustrated in 
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Figure 5.2(a). The similar concept was also followed in tension damage as illustrated in 
Figure 5.2(b). 
 
 
Figure 5.2: Response of concrete to uniaxial loading in (a) compression and (b) tension. 
 
Under uniaxial tension the stress-strain response (i.e concrete and mortar) follows a linear 
elastic relationship until the value of the failure stress ( 0t ) is reached. The failure stress 
corresponds to the onset of micro-cracking in the material. Beyond the failure stress the 
formation of micro-cracks is represented macroscopically with a softening stress-strain 
response. Under uniaxial compression the response is linear until the value of failure stress
0c . In the inelastic regime the response is typically characterized by stress hardening 
followed by strain softening beyond the ultimate stress cu . 
 
The model makes use of the failure function earlier proposed by Lubliner et al., (1989) and  
with the modifications proposed by Lee (1998) to account for the different evolution of 
strength under tension and compression in concrete and mortar like materials. The evolution 
of the failure surface is controlled by the hardening variables,
 
pl
t  and 
pl
c . In terms of 
effective stresses, the yield function (F) takes the form of Equation (5.5). 
 
max max
1
( 3 ( ) ( ) 0
1
pl pl
c cF q        

      

    (5.5) 
In which,  
   
   
    
    
   
   
   
   
   
   
    
   
   
(a) (b) 
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t
 
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3(1 )
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c
c
K
K




       (5.8) 
 
 
Figure 5.3: The failure surface of concrete and mortar in plane stress state (Abaqus 
theory manual, 2012). 
Where,        is the maximum principal effective stress, 0
0
b
c


is the ratio of initial biaxial 
compressive failure stress to initial uniaxial compressive failure stress, cK the ratio of the 
second stress invariant on the tensile meridian ( )q TM  to that on the compressive meridian 
( )q CM , at initial failure for any given value of the pressure invariant . ( )
pl
t t   is the 
effective tensile cohesion stress and ( )
pl
c c   is the effective compressive cohesion stress. The 
    
Uniaxial 
compression 
Biaxial 
compression 
Biaxial 
tension 
Uniaxial tension 
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failure surface in plane stress state is illustrated in Figure 5.3. The damaged model assumes 
nonassociated potential plastic flow. More details can be found in ABAQUS theory manual. 
 
5.4 Modelling of masonry interface 
A constitutive law accounting for the traction-separation of the interface was adopted for this 
purpose. The traction-separation model assumes initially linear elastic behaviour of interface 
followed by the initiation and evolution of interface damage. The elastic behaviour is written 
in terms of an elastic constitutive matrix as Equation (5.8) that relates the normal and shear 
stresses to the normal and shear separations (displacements) across the interface. 
 
0
0
n nnn
sss s
t K
t
Kt



       
    
        
   K     (5.8) 
 
The interface traction stress vector t  consists of two components (two components in two-
dimensional problems) that are nt  and  st ; the corresponding separations (displacements) are 
denoted by s and n  respectively. To define the linear elastic behaviour of uncoupled 
traction-separation behaviour, the terms nnK  and ssK , which are normal and tangential 
stiffnesses as required.  
Once the elastic interface stress limit is reached, the interface damage behaviour was defined 
to simulate the interface degradation and eventual failure of interface. The failure mechanism 
consists of two ingredients: the interface damage initiation criterion and interface damage 
evolution law. The initial response is assumed to be linear elastic as discussed above. 
However, once a damage initiation criterion is met, damage will occur according to a user-
defined damage evolution law. The damage initiation refers to the beginning of degradation 
of the interface. The process of degradation begins when the interface stresses satisfy the 
defined interface damage initiation criteria. 
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The maximum stress failure criterion is defined as given in Equation (5.9) to initiate the 
interface damage. Damage is assumed to initiate when the squares of maximum interface 
stress ratios reach the value of one.  
2 2
1
0 0
1n s
n s
t t
f
t t
   
     
   
     (5.9) 
In which, 0nt and 0st  are the limiting tensile bond and shear bond strength of thin layer 
mortared concrete masonry. With the combined shear-compression stresses, the masonry 
exhibit Mohr Coulomb failure behaviour. Therefore friction model is defined according to the 
well known Mohr Coulomb failure criterion as Equation (5.10) below:  
 2 0 tans s nf t t t        (5.10) 
When the interface is undamaged, any normal/tangential slip is assumed to be purely elastic 
in nature and is resisted by the interface bond strength that resulting in normal and tangential 
stresses. Once the interface stiffness starts degrading, the friction model activates and begins 
contributing to the shear stresses. The failure domain of the complete interface model is 
illustrated in Figure 5.4. 
Figure 5.4: Interface damage activation domains. 
 
Once the damage initiation criterion is met the damage evolution is defined to further 
simulate the interface damage. The damage evolution law describes the rate at which the 
nt  
st  
2 2
1
0 0
1n s
n s
t t
f
t t
   
     
   
 
 2 0 tans s nf t t t     
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interface stiffness is degraded once the corresponding initiation criterion is reached. A scalar 
damage variable ( D ) is used to define the interface stress components that are affected by the 
damage according to Equations below:  
'
'
(1 ) ; 0
;
n n
n
n
D t t
t
t
  
 

      (5.11) 
'(1 )s st D t         (5.12) 
In which, nt
' are st
'  the interface stress components predicted by the elastic traction-
separation behaviour after the interface failure criterion is researched.  
 
5.5 Modelling procedure  
The ABAQUS finite element software was used for numerical modelling. ABAQUS CAE 
was used to create and mesh the model. Since the micro modelling technique of masonry is 
used in this research work, unit and mortar were separately modelled and assembled with the 
interface model. A masonry couplet assembly as shown in Figure 5.5 under uniform uniaxial 
compression pressure is used to explain the FE modelling procedure in this section. Due to 
symmetry in loading and geometry of couplet assembly, only one quarter section of couplet is 
modelled in this particular example. 
 
 
Figure 5.5: Masonry couplet assembly under compression. 
Unit 
Mortar 
1MPa 
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The FE couplet modelling procedure is explained below in steps: 
 
1. Initially in the “Part module”, required unit and mortar parts were created separately 
with the required dimensions as deformable element with shell base feature in the 2D 
space. Unit size of 195 mm (Long) × 190 mm (Wide) and mortar size of 195 mm 
(Long) × 2mm (Wide) were created in Part module for quarter couplet model. 
 
2. In the “Property module” The material properties were assigned to each part (unit and 
mortar). Elastic modulus of 10000 MPa and Poisson‟s ratio of 0.2 were assigned for 
unit. For mortar, elastic modulus of 5000 MPa and Poisson‟s ratio of 0.25 were 
assigned. Then homogenous solid section was created and assigned to unit and mortar 
sections as section properties.  
 
3. The created parts (unit and mortar) were assembled as required masonry assembly 
using “Instance part” option. The “Instance part” option was called on each time to 
assemble the parts together and the mesh option was given as dependent to ensure 
defining of all meshes in the part. This module helps to define the parts to interact 
with each other and combine them in different ways that could represent the masonry 
assembly. 
 
4. In the interaction module, interaction property was created to define the unit to mortar 
interface properties. Using the “Create interaction” option in the interaction module, 
each and every interface surfaces were selected and interface properties were 
assigned. For this purpose Surface-to-surface (standard) option was used. The 
assembled couplet section is shown in Figure 5.6(a). 
 
5. Mechanical boundary conditions were defined in “Load module”. The load was 
applied as uniform 1 MPa pressure on the top edge of the couplet as shown in Figure 
5.6(a). The vertical movement was restrained on the bottom surface and the lateral 
movement was restrained on the symmetric edge of the couplet to maintain the 
equilibrium during the analysis. The boundary conditions given in the symmetric 
couplet model is shown in Figure 5.6(a). 
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6. Since the depended meshing option was given in during the assembly of couplet, each 
part (unit and mortar section) was meshed separately. The structured meshing control 
option was always selected for meshing the parts. Depending on the part geometry 
and size, seeds were applied along the partitioned edges. The 4-node bilinear plane 
stress quadrilateral element (CPS4R) with reduced integration and hourglass control 
was selected from the element library available in ABAQUS standard option as shown 
in Figure 5.6(a). Bottom free corner of the couplet meshing is displayed separately in 
Figure 5.6(b) to show the interface between unit and mortar. 
 
 
Figure 5.6: Created couplet assembly in ABAQUS FE package. 
 
7. In the field and history output option, required output parameters for analysis can be 
given. In this couplet modelling example, vertical stress at two selected locations 
(section A-A- middle of the block and section B-B- at interface) were given to assess 
the stress development in couplet under 1 MPa pressure. These output data would be 
included in the .odb file which could be graphically viewed using the 
ABAQUS/Visualiser platform. The history output data can be analysed or reproduced 
into the excel sheets for further graphing analyses of results. 
 
(a) Couplet Meshing  
(b) Interface location 
Interface 
Unit Meshing 
Mortar Meshing 
1 MPa 
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8. The input file with an extension “.inp” was generated from the “Job module” for 
analysis. Thereafter the job should be submitted for analysis. When the analysis was 
completed, the output „.odb‟ file was taken and used for post processing. Previously 
defined history outputs can be viewed and taken for further analysis. The vertical 
stress distribution of couplet from „.odb‟ visualisation platform is shown in Figure 
5.7(a). The stress distribution at selected location (A-A and B-B) taken from history 
output data is given in Figure 5.7(b).  
 
 
 
Figure 5.7: ABAQUS/Visual output of analysis (vertical stress variation is given). 
 
From applied 1 MPa compression pressure, block and mortar undergo same state of stress as 
it can be seen from Figure 5.7(a). At the bottom free edge corner of the interface shows slight 
stress raise compared to other regions in the model.   
 
B B 
(a) ‘Odb’ file visualisation of vertical stress  
(b) Vertical stress distribution  
A A 
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5.6 Calibration of FE model 
In this section, FE modelling of triplet tests is explained. 
 
5.6.1 Meshing and convergence study 
Meshing of the model is an important part of FE modelling. Refined mesh increases the 
accuracy of the results; however, the computational cost will be also higher. Hence the 
optimum meshing is necessary for efficient FE modelling. Therefore convergence study is 
used to obtain optimum meshing that is accurate enough whilst being computationally 
economical. A meshed geometry of triplet modelled is shown in Figure 5.8. Since loading and 
model are symmetric, only one half of the triplet is modelled in the analysis. 
 
 
 
Figure 5.8: Triplet Finite element meshing. 
 
To find the efficient and accurate element size in the model, a mesh convergence analysis was 
conducted. The convergence study FE elastic analysis was carried out by assigning only the 
elastic material properties of the model. The Figure 5.9 shows the variation of principal stress 
in the triplet with respective number of elements in the triplet. It can be seen that the element 
  Mortar Meshing 
Block Meshing 
Interface 
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numbers of 1710 (which is 2×2 mm element size in the unit and 2×1 mm elements size of 
mortar) is mostly suitable, because the FE model was providing appropriate results, while 
keeping desired efficiency. Therefore 2 mm element size was selected as basic masonry 
meshing size in the FE modelling. 
 
 
Figure 5.9: Results of mesh convergence study. 
 
5.6.2 Selection of material properties for FE calibration   
The details of material properties used for the FE calibration are given in Table 5.1 to Table 
5.3. The material properties of concrete and mortar (PCM) damage plasticity model have 
been found from ABAQUS theory manual (2012) and Sousa et al., (2012) and used in these 
FE analyses as input parameters. The compressive strength of block and mortar are obtained 
from chapter 4. In the absence of tensile strength of block and mortar, one-tenth of 
compressive strength of block and mortar are given as tensile strength. The elastic modulus of 
block and mortars were not measured experimentally, therefore assumed values were given 
for calibration process. The Poisson‟s ratio of concrete unit and mortar were taken from 
literature (Barbosa et al., 2010). 
The biaxial stress ratio in Table 5.1 is the ratio of biaxial compressive (compression-
compression principal stress) failure stress to uniaxial compressive failure stress of concrete 
and mortar. The flow potential eccentricity (ε) is the parameter that characterise the rate 
which the hyperbolic flow potential approaches its asymptote. Viscosity parameter (μ) was 
given to visco-plastic regularisation of concrete damage plasticity constitutive equations in 
ABAQUS analyses. 
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The approximate compressive failure stress-inelastic stain relations of concrete and mortar 
under compression were given according to Sfar et al., (2002) and ABAQUS theory manual 
(2012). The approximate stress-strain relations of concrete and mortar under uniaxial tension 
were given according to Evans and Marathe (1968) and ABAQUS theory manual (2012) 
findings where the stress-strain curves for different grades of concrete were given for uniaxial 
tension.  
 
Table 5.1: Details of Concrete and Mortar material properties used in the analysis. 
Material properties Concrete unit Mortar (PCM) References 
Elastic Modulus, 
(MPa) 
9000 5000 Barbosa et al., (2010) 
Poisson‟s Ratio, υ 0.2 0.25 Barbosa et al., (2010) 
Uniaxial compressive 
strength,(MPa) 
12.66 5.26 Section 4.2.1 
Uniaxial Tensile 
strength,(MPa) 
1.25 0.52 Assumed 
Biaxial stress ratio 1.16 1.16 Abaqus (2012) 
Dilation angle (°) 15 10 Abaqus (2012) 
Flow potential 
Eccentricity (ε) 
0.1 0.1 Abaqus (2012) 
Viscosity parameter  0.01 0.01 Abaqus (2012) 
 
Table 5.2: Details of concrete block compression and tension failure stress- in elastic 
strain response in the FE model (Sfar et al., 2012). 
Compression Tension 
Failure stress (MPa) Inelastic strain Failure stress (MPa) Inelastic strain 
10 0 1.16 0 
11 0.0004 1.0 0.0001 
12.66 0.0008 0.8 0.0003 
10 0.0012 0.6 0.0005 
8 0.0016 0.4 0.0008 
6 0.002 0.2 0.0015 
2 0.003   
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Table 5.3: Details of PCM mortar compression and tension failure stress- in elastic 
response in the FE model (Evans and Marathe 1968). 
Compression Tension 
Failure stress (MPa) Inelastic strain Failure stress (MPa) Inelastic strain 
4 0 0.52 0 
5 0.0005 0.45 0.0002 
5.26 0.001 0.4 0.0004 
5 0.0015 0.3 0.0006 
4 0.002 0.2 0.00010 
3 0.0025 0.1 0.0018 
2 0.003   
 
5.6.3 Selection of interface properties for FE calibration   
The interface properties used in the FE analysis are given in Table 5.4. Three sets of interface 
properties were selected to calibrate the behaviours of ground, cut and sand blasted triplet 
shear interface behaviour of thin layer mortared concrete masonry. 
Table 5.4: Interface properties used for calibration. 
Interface Properties Ground unit 
interface 
Cut unit 
interface 
Sand blasted 
unit interface 
Tensile stiffness, knn 
(N/mm
3
) 
34 32 25 
Shear stiffness, kss 
(N/mm
3
) 
39 35 28 
Maximum tensile 
stress, tn0 (MPa) 
0.88 0.8 0.5 
Maximum shear stress, 
ts0 (MPa) 
1.1 1.0 0.6 
Friction coefficient (  ) 0.75 0.75 0.60 
 
5.6.4 Calibration of FE model  
A three block stack bonded triplet of size 139 mm (Long) × 90 mm (Wide) × 90 (Thick) mm 
was considered with 2 mm thick mortar joint as shown in Figure 5.12(a) (Same experimental 
triplet size in chapter 4, Part-1 study). The block size of 90 mm (Long) × 45 mm (Wide) and 
mortar thickness was 90 mm (Long) × 2 mm (Wide) were created and meshed to assemble FE 
triplet model. Only one half of the triplet was considered in FE model with appropriate 
boundary conditions due to symmetric arrangement of specimen geometry and loading.  
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The bottom block movement was restrained vertically as shown in Figure 5.10(b) and the 
lateral movement of symmetric edge was restrained in the triplet model to maintain the 
equilibrium during the FE analysis. Monotonic displacement control load was applied at the 
top of the middle block as shown in Figure 5.10(b). The shear load was determined through 
the sum of the nodal reactions and the shear stress was obtained by dividing the shearing area 
of triplet. Particular interest was given to calibrate the shear bond stress vs. shear strain 
response of experimental results with FE model output. 
 
 
Figure 5.10: FE triplet model. 
The experimental triplet tests that were reported in Section 4.3.4.2 of chapter 4 was taken in 
to calibrate the FE model response. The 18 combinations of average shear bond stress vs. 
shear strain plots are given in Figure 4.18. Those 18 combinations of shear interface 
deformation plots are presented in Figure 5.11 in three categories as ground unit, cut unit and 
sandblasted unit surface combinations.  
` 
The calibrated FE model results are presented in Figure 5.11. The shear interface responses of 
FE models reasonably follow the averaged experimental shear bond stress vs. shear strain 
responses of three different unit surface characteristics. Therefore it can be said that the 
calibrated FE model can be used to predict the different unit surface interface characteristics 
90 
 
45 
(a) Schematic diagram of triplet 
(b) FE model of triplet 
Monotonic displacement load 
Boundary 
condition 

Unit 
Mortar 
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in thin layer mortared concrete masonry. FE shear interface behaviour of thin layer mortared 
concrete masonry has initially remained linearly elastic and showed slight nonlinearity 
towards the defined maximum shear stress. Figure 5.12(a) shows shear sliding failure mode 
of triplet in FE simulation. Similar shear sliding failure was noticed in experimental tests 
(Figure 5.12(b)). 
 
 
Figure 5.11: FE and experimental shear bond stress vs. shear strain at unit-mortar 
interface. 
 
It can be seen from the Figure 5.12(c) due to the shear loading arrangement; higher vertical 
tensile stresses were developed near the top and bottom of triplet interface that lead to the 
interface shear failure of triplet. Therefore the triplet FE model clearly demonstrates shear 
interface failure behaviour of thin layer mortared masonry. 
 
(a) Ground unit specimens (b) Cut unit specimens 
(c) Sand blasted unit specimens 
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Figure 5.12: FE and Experimental failure modes of triplets. 
 
5.6.5 Validation modelling of flexural beam response 
The calibrated material (unit and mortar) and interface parameters (cut unit) used in shear 
triplet responses were taken to validate the beam flexural behaviour of thin layer mortared 
concrete masonry. To validate the FE beam model response, experimental beam test that was 
carried out in section 4.3.4.1 was taken in to consideration. The combination of CB4 beam 
(a) Failure mode in FE model 
(b) Failure mode in experiments 
(c) Vertical stress distribution (S22) 
Shear sliding failure 
Vertical tensile stresses 
at interface 
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experimental test results was taken for FE validation. Because only the cut block deformation 
response is available in chapter 4 experimental studies. 
 
A seven block stack bonded beam of size 327 mm (Long) × 90 mm (Wide) × 90 (Thick) mm 
was considered with 2 mm thick mortar joint  as shown in Figure 5.13(a) (Same experimental 
beam size in chapter 4, Part-1 study). The block size of 90 mm (Long) × 45 mm (Wide) and 
mortar thickness was 90 mm (Long) × 2 mm (Wide) were created and meshed to assemble FE 
beam model. Due to symmetric arrangement of specimen geometry and loading, only one half 
of the beam was modelled in FE model with appropriate boundary conditions.  
 
 
Figure 5.13: FE beam model. 
 
45 
90 
       100 
                              300 
(a) Schematic diagram of beam 
 
(b) FE model of beam specimen 
Boundary 
condition 

Unit 
Mortar 
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The bottom support movement was restrained vertically and the lateral movement of 
symmetric edge was restrained in the half beam model to maintain the equilibrium during the 
FE analysis. Monotonic displacement control load was applied at one third distance of the 
beam as shown in Figure 5.13(b). The corresponding flexural load was determined, through 
the sum of the nodal reaction and the flexural stress was calculated.  
 
It can be seen from the Figure 5.14, the FE model reasonably follows the experimental 
flexural stress vs. flexural tensile strain response of thin layer mortared concrete masonry. As 
observed in experimental failure (Figure 5.15(b)), similar interface separation was noticed in 
FE model that is shown in Figure 5.15(a). It can be seen from the Figure 5.16(c); higher 
lateral tensile stresses were developed near the bottom fibre interface area. Also the top fibre 
of the beam under goes compressive stresses when subjected to flexural bending stresses in 
FE model. Therefore the FE beam model reasonably demonstrates flexural behaviour of thin 
layer mortared masonry stack bonded beam. 
 
 
 
Figure 5.14: FE and Experimental flexural stress vs. tensile strain. 
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Figure 5.15: FE and Experimental failure modes of beam. 
 
5.7 Summary  
In this chapter a masonry micro modelling technique was developed in the FE framework. 
Nonlinear two dimensional finite element analyses based on concrete damage plasticity 
model for masonry material behaviours (unit and mortar) and the traction separation interface 
damage model for masonry interface (bond) behaviour have been applied in the FE modelling 
technique. The details of elastoplastic constitutive material model and failure criteria for unit, 
mortar and interface are presented. The material and interface properties for FE modelling 
were calibrated with experimental shear triplet results from chapter 4. The calibrated FE 
model was used to validate the experimental flexural beam response presented in chapter 4. 
The calibrated model is systematically used for the prediction of the behaviour of hollow 
concrete block thin layer mortared masonry under flexure, shear and compression and 
validated through experiments in Chapters 6 and 7. 
 
(a) Failure mode in FE model 
 
(b) Failure mode in experiments 
(c) Lateral stress distribution (S11) 
 
Tensile stress at 
interface 
Interface separation  
Compressive 
stress region 
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Chapter 6 : Bond studies using full size hollow 
block mortared concrete masonry 
6.1 Introduction  
In this chapter, the bond characteristics of thin layer mortared concrete masonry made from 
full size concrete hollow blocks are reported. Further the effects of curing methods and age at 
the time of testing to bond characteristics are also examined. This chapter is divided in to two 
parts (1) To examine the effect of changes to the unit type (from solid block to hollow 
blocks) on the bond characteristics and (2) To investigate the effects of curing methods and 
age at the time of testing to the bond strength and deformation of thin layer mortared 
masonry.  
 
6.2 Part-1: Effect of hollow concrete block to the bond characteristics  
6.2.1 FE prediction of hollow block shear bond behaviour 
The calibrated FE model in chapter 5 was used to predict the shear bond behaviour of triplet 
made from full size hollow concrete blocks. As shown in Figure 6.1, the unit used in this 
investigation is a commonly used 390 mm (Long) × 190 mm (Wide) × 90 mm (Thick) hollow 
concrete block.  
 
 
Figure 6.1: Hollow concrete block used in chapter 6. 
390 
90 
190
mm 
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The interface properties used for hollow concrete block FE modelling are given in Table 6.1. 
Material properties of mortar remained unchanged from Table 5.1 and Table 5.3 (Chapter 5). 
As the unit was changed, the properties were modified based on manufacturer specification as 
well as the available deformation data in the literature; these data of units are presented in 
Table 6.2 and Table 6.3.  
Table 6.1: Interface properties used for hollow concrete block. 
No Interface Properties Hollow concrete 
unit interface 
properties 
1 Tensile stiffness, knn 
(N/mm
3
) 
28 
2 Shear stiffness, kss 
(N/mm
3
) 
30 
3 Maximum tensile stress, 
tn0 (MPa) 
0.68 
4 Maximum shear stress, ts0 
(MPa) 
0.82 
5 Friction coefficient (  ) 0.60 
 
Table 6.2: Details of concrete block material properties used in the analysis. 
No Material properties Concrete unit References 
1 Elastic Modulus, (MPa) 10000 Barbosa et al., (2010) 
2 Poisson’s Ratio, υ 0.2 Barbosa et al., (2010) 
3 Uniaxial compressive 
strength,(MPa) 
14.0 Manufacture data 
4 Uniaxial Tensile 
strength,(MPa) 
1.4 Assumed 
5 Biaxial stress ratio 1.16 Abaqus (2012) 
6 Dilation angle (°) 15 Abaqus (2012) 
7 Flow potential Eccentricity 
(ε) 
0.1 Abaqus (2012) 
8 Viscosity parameter  0.01 Abaqus (2012) 
 
Table 6.3: Details of concrete block compression and tension failure stress- in elastic 
strain response used in the FE model (Sfar et al., 2012). 
Compression Tension 
Failure stress (MPa) Inelastic strain Failure stress (MPa) Inelastic strain 
10 0 1.4 0 
12 0.0004 1.2 0.0001 
14 0.0008 1.0 0.0003 
12 0.0012 0.6 0.0005 
8 0.0016 0.4 0.0008 
6 0.002 0.2 0.0015 
2 0.003   
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The schematic diagram of full size hollow concrete block triplet is shown in Figure 6.2(a). 
Only one half of the triplet was modelled with appropriate boundary conditions due to the 
symmetric arrangement of specimen geometry and loading (Figure 6.2(b)). The FE prediction 
of shear bond stress vs. shear strain behaviour of full size hollow concrete block triplet is 
given in Figure 6.3.  
 
Figure 6.2: FE model of full size hollow concrete block triplet. 
 
 
Figure 6.3: FE prediction of full size hollow concrete block triplet shear bond stress vs. 
shear strain. 
 
Figure 6.4(a) shows the failure mode and vertical stress distribution of FE triplet model. As 
observed in experimental failure in chapter 4, similar shear sliding failure was noticed in 
triplet FE model of full size hollow concrete block. The vertical stress distribution (at failure 
(a) Schematic diagram of triplet 
(b) FE model of triplet 
Monotonic displacement load 
Boundary 
condition 
  
390 
190 
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point) and interface separation at top and bottom interface levels are shown in Figure 6.4(b) 
and (c) respectively. Applied shear load at the top of the middle block lead to higher vertical 
tensile stresses development near the top and bottom of triplet interface that caused the 
interface shear failure in FE triplet model.  
 
 
Figure 6.4: FE failure mode of full size hollow concrete block triplet. 
 
6.2.2 FE prediction of full size hollow block flexural beam behaviour 
The same material and interface properties used in full size hollow concrete block shear 
triplet FE model were used in flexural beam modelling. The full size hollow concrete block 
beam arrangement is shown in Figure 6.5(a). Due to symmetric arrangement of specimen 
geometry and loading, only one half of the beam was modelled with appropriate boundary 
conditions as shown in Figure 6.5(b). The FE prediction of flexural stress vs. flexural tensile 
strain behaviour of full size hollow concrete block beam is shown in Figure 6.6.  
 
(a) Failure mode with vertical stress 
distribution (c) Vertical stress at bottom interface  
(b) Vertical stress at top interface  
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Figure 6.5: FE modelling of full size hollow block stack bonded beam. 
 
 
Figure 6.6: FE prediction of full size hollow concrete block beam flexural stress vs. 
flexural tensile strain. 
 
As shown in Figure 6.7(a), the interface separation at middle course (under pure bending 
stress) was noticed in FE beam model. The interface separation at bottom fibre of the beam is 
shown separately in Figure 6.7(b). It can be seen higher tensile stresses were developed 
Boundary 
condition 
  
190 
390 
      414 
                              1242 
(a) Schematic diagram hollow concrete block beam 
 
(b) FE model of beam specimen 
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across bottom fibre of the beam that lead to interface separation. It also can be seen from the 
Figure 6.6(a), due to the flexural loading nature, top fibre region of the beam is under 
compressive stresses and the bottom region is subjected to tensile stresses.  
 
 
Figure 6.7: FE failure modes of full size hollow block beam. 
 
6.3 Planning of validation experiments 
In order to validate the FE predictions, experimental bond studies on full size hollow concrete 
block were carried out. The shear bond response was examined using triplet tests as per EN 
1052-3 (2002) provisions. For triplet shear tests, the top and bottom loading plates were 
specifically fabricated as according to the provisions in EN 1052-3 (2002) and shown in 
Figure 6.8(a). The flexural bond characteristic of full size hollow concrete block beam was 
(a) Failure mode with horizontal stress distribution 
Top fibre compressive 
stresses 
Bottom fibre tensile 
stresses 
(b) Interface separation  
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determined using four point beam test following the provisions in ASTM E513 (2003) and 
AS 3700 (2011). The beam test set-up is shown in Figure 6.8(b).  
 
 
 
Figure 6.8: Test set-ups.  
 
6.3.1 Unit  
The unit lateral modulus of rupture was determined as per AS/NZS 4456.15:2003 using four 
point bending beam configuration as shown in Figure 6.9. Three units of same dimensions 
were bonded end-to-end with two component epoxy resin to construct the unit modulus of 
rupture specimens. Totally 6 specimens were tested. Since the blocks were hollow concrete 
blocks, face-shell bedded section was considered for unit lateral modulus of rupture 
calculations. The average unit lateral modulus of rupture of 1.18 MPa with the coefficient of 
variance of 15.4% was obtained. Full data of lateral modulus of rupture can be found in Table 
B.1 of Appendix B. 
 
(a) Triplet specimen 
(b) Beam specimen 
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Figure 6.9: Unit lateral modulus of rupture test. 
 
6.3.2 Mortar 
Same 4% PCM mortar that was used in Part-1 experimental studies in chapter 4 was selected 
for full size hollow concrete block beam and triplet construction. The mortar mixing process 
and water content were kept the same as in the chapter 4 to prepare the PCM mix in this 
investigation. 
 
6.3.3 Masonry construction 
Seven blocks stack bonded ‘flexural beams’ and three blocks stack bonded ‘shear triplets’ 
were built using the full size hollow concrete block and PCM mix. The face-shell mortar 
application and specimen construction processes are shown in Figure 6.10(a) and (b). The 
constructed beam and triplet specimens are shown in Figure 6.10(c) and (d). Due care was 
taken to ensure proper mortar joint thickness by inserting spacers of specified thickness 
(2mm) in to the mortar joints. 
 
The specimens were fully covered after the construction with plastic sheets with air tight to 
prevent moisture loss and cured. All the specimens were tested after 14 days of curing to 
maintain the consistency with chapter 4 experimental bond studies. 
 
97
5 
 
32
5 
 90 
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Figure 6.10: Constructed beam and triplet specimens. 
 
6.3.4 Testing 
6 mm thick plywood strips were inserted on the width of the specimen which comes under 
contact with loading plate to avoid the direct contact between the steel plates and the masonry 
specimen surface.  
 
Two methods of deformation measurements have been adopted in this investigation. They 
were (1) Digital image correlation (which used in chapter 4) and (2) Linear variable 
displacement transducers (LVDTs). For the seven high stack bonded beam specimens, the 
centre span vertical deformation and horizontal deformation across two middle joints were 
measure through LVDTs on one side of the beam as shown in Figure 6.11(a).  
 
(c) Constructed beam specimens (d) Constructed shear specimens 
(a) Face-shell mortar application (b) Checking alignment 
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For the shear triplet specimens, shear joint slip was measured through the LVDTs as shown 
in Figure 6.11(b). The gauge length was selected as one third of the specimen height to 
measure the shear joint slip. The deformations were also measured on the opposite face to 
account for potential eccentricity of the beam and triplet specimens. For this purpose LVDTs 
were used on one side and the digital images were taken on the other side of the specimens 
for DIC analysis. 
 
 
Figure 6.11: Test set-ups. 
Images for DIC analysis were recorded using a digital SLR camera (Canon EOS 5D Mark III 
digital SLR). The camera was attached to a tripod at a distance to provide clear coverage of 
the specimens especially the unit-mortar interface. The Figures 6.11(c) and (d) show the 
arrangement of the digital camera. Each test took approximately 2-3 minutes and the digital 
(a) LVDT positions on beam (b) LVDT positions on triplet 
 
(c) Image acquiring during beam test (d) Image acquiring during triplet test 
 
200 
130 
Actuator 
Beam specimen 
Camera Image acquiring 
Actuator 
Triplet specimen 
Camera 
Image acquiring 
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images were taken at 5 seconds intervals. A total of 40-50 images were obtained from each 
test and used in the DIC deformation analysis. 
The tests were performed under monotonically increasing load using servo-controlled 
displacement to obtain the complete load-displacement response of the specimens. The 
loading rate was kept constant as 0.3mm/min for both test types. A servo-hydraulic double 
acting actuator was used to apply the displacement at the prescribed rate by a MTS controller. 
A load cell of precision of measurement of 0.0001kN was used. The full beam and triplet test 
set-ups are presented in Figure 6.11(c) and (d). 
 
6.4 Validation experiment results and discussion 
6.4.1 Failure modes of 14th day specimens 
The beam and triplets made with full size hollow concrete blocks on 14 days of testing failed 
through interface as shown in Figure 6.12(a) and (b) respectively. Since the mortar layer is 
thin (2mm), it was difficult to ascertain whether the failures occurred through the mortar or 
the interface. All failures were sudden and brittle similar to that of the conventional masonry 
behaviour. It should be noted that similar failure modes were obtained in small scale block 
bond studies in chapter 4. Therefore failure modes of thin layer mortared concrete masonry 
beams and triplets show consistency despite of change in unit type.  
 
 
Figure 6.12: Typical failure patterns in 14th day of testing. 
 
Interface Failure 
(a) Beam interface failure (b) Triplet interface failure 
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6.4.2 Shear bond strength 
The average shear bond strength and the corresponding coefficient of variation obtained from 
the triplet tests are given in Table 6.4. 
 
Table 6.4: Shear bond strength of 14th day of testing. 
Average shear 
bond strength 
(MPa) 
COV (%) 
Typical 
failure 
modes 
0.82 14.6 Interface 
 
 
The shear bond strength of hollow concrete block can be compared with chapter 4 shear bond 
strength results of surface texture altered units. The average shear bond strengths of cut, 
ground and sand blasted unit surface specimens (CB4, GB4, and SB4) in Table 4.7 vary as 
1.23 MPa, 1.29 MPa and 0.79 MPa. Therefore it can be said that the full size hollow concrete 
block bond strength gives slightly better bond strength than sand blasted unit surface and less 
than cut and ground unit surface bond strengths. This reduction of bond strength compared to 
cut/ground unit could be due to the inherent surface roughness on full size hollow concrete 
blocks.  
 
6.4.3 Flexural bond strength 
The average flexural bond strength and the corresponding coefficient of variation obtained 
from the beam tests are given in Table 6.5. 
 
Table 6.5: Flexural bond strength of 14th day of testing. 
Average 
Flexural bond 
Strength (MPa) 
COV (%) 
Typical failure 
modes 
0.77 10.7 Interface 
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Similar to shear bond strength, the flexural bond strength of conventional concrete blocks can 
be compared with chapter 4 flexural bond strength results. The average flexural bond strength 
of cut, ground and sand blasted unit surface specimens (CB4, GB4, and SB4) in Table 4.6 of 
chapter 4 vary as 1.21 MPa, 1.23 MPa and 0.73 MPa. Therefore it can be said that the full 
size hollow concrete block bond strength provides slightly better bond strength than sand 
blasted unit surface and less than cut and ground unit surface bond strengths. 
 
 
6.4.4 Deformation plots of shear triplet Specimens 
Deformation measurements from LVDTs were recorded through Lab view data logger 
system for analysis. Shear slip measured from LVDTs were matched with shear bond stresses 
calculated from load data to produce shear bond stress vs. shear strain response of triplet.  
 
In DIC analysis of triplet deformation, mid points of two patches X  and Y  were selected 
(refer to Figure 6.13) to analyse the shear strain at unit-mortar interface of triplets. The triplet 
zone was divided into 10 × 22 patches, with the size of a typical patch as 100×100 pixels. In 
order to calculate the shear strain, the vertical coordinate differences between the points 
X Y  and the horizontal coordinate differences between X Y  (in every successive image 
from initial undeformed image) were considered and the shear strains were calculated using 
Equation (4.4). Later the calculated shear strains were matched with shear bond stresses 
calculated from load data to get the shear bond stress vs. shear strain response of full size 
hollow block triplet.  
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Figure 6.13: Full size hollow block triplet specimen divided into patches for image 
analysis. 
 
The shear bond stress vs. shear strain diagrams for shear triplet specimen tested on 14
th
 day is 
presented in Figure 6.14. The post-peak deformation behaviour was not able to be captured 
from the DIC or LVDT measurement, because the shear triplet tests were carried out without 
lateral prestressed loading, which leads to sudden/brittle failure once the initial cracks starts 
in the unit-mortar interface. It also can be seen that the shear bond stress vs. shear strain 
responses obtained from DIC and LVDT methods are in good agreement.  
 
 
Figure 6.14: Shear bond stress vs. shear strain development in triplet specimens on 14th 
day of specimen. 
 
The full size hollow concrete block triplet shear bond stress vs. shear strain responses follows 
the similar nature of previous small scale unit shear bond responses that reported in section 
X  
Y
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4.3.4.2. This confirms that the thin layer mortared concrete masonry with PCM behave 
similarly despite of change in types. Also the scale of the specimen did not influence shear 
bond behaviour of thin layer mortared concrete masonry with PCM. 
 
6.4.5 Deformation characteristics of flexural beam Specimens 
The Figure 6.15 shows the Load vs. middle deflection of beam specimen tested on 14
th
 day.  
The thin layer mortared concrete masonry beams shows an initial elastic behaviour 
corresponding to a high initial stiffness followed by reduced stiffness due to opening of 
flexural cracks at mid-span unit-mortar interface. 
 
 Figure 6.15: Load vs. Middle deflection of the beam specimens. 
 
Because the failure of the beams occurred through unit-mortar interface (or the mortar layer), 
the flexural tensile strain across bottom fibre (i.e. Middle block including joints) of the beam 
at the failed joint was analysed using LVDT and DIC measurements. The LVDT that 
connected across two middle joints was used to measure the flexural tensile strain 
development at the bottom fibre of the beam. The same area was taken to analyse the flexural 
tensile strain across the two middle joint using the DIC analysis. The procedure of measuring 
the flexural tensile strain in DIC analysis is explained below.  
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Figure 6.16: Typical beam specimen divided into patches for image analysis. 
 
Mid points of two patches X1andY1, were selected (refer to Figure 6.16) to analyse the 
flexural tensile strain at unit-mortar interface of beam. The zone was divided into 15 × 24 
patches, with the size of a typical patch as 100×100 pixels. In order to calculate the flexural 
tensile strain, the horizontal coordinate differences between X1-Y1 (in every successive image 
from initial undeformed image) were considered and the flexural tensile strains were 
calculated using Equation 4.2. Figure 6.17 shows the flexural stress vs. flexural tensile strain 
of beam specimen tested on 14
th
 day. As it can be seen from Figure 6.17, only linear 
behaviour of flexural stress vs. flexural tensile strain at failure is obtained from DIC and 
LVDT data. This could be due to the brittle failure nature of thin layer mortared concrete 
masonry stack bonded beams.  
 
 
Figure 6.17: Flexural stress vs. flexural strain of beam tested on 14th day. 
 
1X
 
1Y  
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Also the full size hollow block flexural stress vs. flexural tensile strain responses follows the 
similar nature of previous small scale unit (section 4.3.4.1) flexural stress vs. tensile strain 
responses. This shows that the thin layer mortared concrete masonry with PCM behaves 
similarly despite of change in types used. In addition, the scale of the specimen did not 
influence the flexural interface response of thin layer mortared concrete masonry. 
 
6.5 Validation of the FE predictions 
To validate the FE predictions, the mode of failures, the ultimate strengths and deformations 
of both the triplets and beam tests data have been considered.  
6.5.1 Failure mode 
Failure modes of shear triplet and flexural beam obtained from FE model and experimental 
test are presented in Figure 6.18. Interface sliding failure was observed in experimental tests, 
similar to triplet FE model. For the beam failure, both FE model and experiments showed 
interface separation at the middle course of the beam that was under maximum bending stress 
as shown in Figure 6.19.  
 
Figure 6.18: FE and experimental failure modes of triplet. 
Interface Failure 
(a) FE failure 
(b) Experimental failure 
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Figure 6.19: FE and experimental failure modes of beam. 
 
6.5.2 Ultimate strength 
Ultimate failure strengths predicted from FE analysis and experimental results are presented 
in Table 6.6. It can be said that the FE model predict the slightly higher shear and flexural 
strengths than experimental strengths. However the variation is around 2%, which could be 
acceptable.  
Table 6.6: FE and experimental strength prediction 
Test FE (MPa) Experiment (MPa) 
Shear triplet 0.83 0.82 
Flexural Beam 0.79 0.77 
 
6.5.3 Deformation 
The shear bond stress vs. shear strain responses of experimental was used to validate the FE 
hollow block shear triplet response. The flexural stress vs. tensile strain response of 
(a) FE failure 
(b) Experimental failure 
Interface separation 
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experimental result was used to validate FE hollow block flexural beam response. The 
validated shear and flexural responses are given in Figure 6.20(a) and (b) respectively. The 
experimental and FE model responses of shear and flexural behaviours show good agreement 
between them. Therefore it can be said that the FE model can be used to predict the full scale 
hollow concrete block interface shear and flexural behaviours. 
 
 
Figure 6.20: FE validation of hollow concrete block bond behaviour. 
 
6.6 Part-2: To investigate the effects of curing methods and age at the time 
of testing to the bond strength 
The shear and flexural bond behaviour of thin layer mortared concrete masonry with full size 
hollow concrete block was examined on 14
th
 day of testing in Part-1 study. Also literature 
studies on conventional masonry revealed that the curing methods and ageing of masonry 
influence the bonding characteristics of masonry. Since polymer cement mortar (PCM) is 
used as binder in thin layer mortared concrete masonry, the influences of above mentioned 
parameters to bond development would be different from conventional masonry 
characteristics. Therefore it is worth investigating these aspects for better practice of thin 
layer mortared concrete masonry construction. 
 
Therefore the main objective of this part-2 investigation is to study the effects of curing 
methods to the flexural and shear bond characteristics of thin layer mortared concrete 
masonry at different days of testing. Consequently dry and wet curing methods were 
employed and the specimens were tested over 14 days, 28 days and 56 days of age to 
determine their shear and flexural bond strengths development. 
 
(a) Shear response (b) Flexural response 
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The beam and triplet specimens were constructed similar to Part-1 investigation. All the 
specimens were fully covered after the construction with plastic sheets with air tight to 
prevent moisture loss. Seven days after construction, the plastic covers of the dry curing 
specimens (beams and triplets) were removed; these specimens were allowed to cure in 
indoor ambient environment. The wet cured specimens were left within the plastic sheet 
cover till the day of testing. Thereafter the respective specimens were tested 28
th
 and 56
th
 
days from casting. Due to time constrain more combinations with longer days of testing was 
not possible in this research study. The shear triplet and flexural beam specimens tested on 
14
th
 day with wet curing method are already reported in Part-1. Therefore the results of dry 
and wet cured specimens tested on 14
th
, 28
th
 and 56
th
 days are reported in this part-2 
investigation. 
 
6.7 Part 2: Results and Discussion 
6.7.1 Failure modes 
The triplets of the 14
th
, 28
th
 and 56
th 
day always failed through the mortar or mortar-block 
interface (Figure 6.21(a)). On 28
th
 and 56
th 
days of testing, a mixed mode of failure involving 
partial block-mortar cracking or full block cracking were observed as shown in Figure 
6.21(b) and (c) in beam specimens. 
 
The flexural failure of the masonry beams is limited by the block lateral modulus of rupture 
(upper limit). With the increase in bond, the flexural strength increases to certain limit; any 
further increase in bond cannot increase the flexural bond strength because of the limit 
imposed by the lateral modulus of rupture of the blocks. However the shear bond strength is 
only governed by bond (not the strength of the block as evidenced by the failure mode). 
Therefore the shear bond strength increases with the increase in bond without a major limit of 
the strength of the block for the cases examined in this study. 
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Figure 6.21: Typical failure patterns in 14th, 28th and 56th day of testing. 
 
6.7.2 Shear bond strength 
The effect of the methods of curing and ageing to the shear bond strength of the thin layer 
mortared concrete masonry are displayed in Table 6.7. The specimen notations are given 
below the Table 6.7. For an example S-28-D represents the shear specimen with dry cured 
and tested on 28
th
 day. The complete shear bond strength data are given in Table B.2 of 
Appendix B. 
 
The average shear bond strength of 14
th
 day wet cured specimen can be observed in Table 
6.4. It can be seen from the Table 6.7, the wet cured specimens consistently gave lower bond 
strength than the dry cured specimens. On 28
th 
and 56
th 
day testing, the dry specimens are 
high as 40% stronger than the wet specimens. This result is consistent with that of Colville et 
al., (1997) findings. Therefore dry curing appears beneficial due to polymerisation process in 
the polymer cement mortared masonry. 
Interface failure 
Partial block Failure 
Block Failure 
(b) Beam (partial block failure) (c) Beam (block failure) 
(a) Interface shear failure 
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Table 6.7: Shear bond strength. 
Specimen* 
Average Initial 
shear bond 
strength (MPa) 
COV (%) 
Typical 
failure 
modes 
S-14-W 0.82 14.6 Interface 
S-14-D 0.89 4.9 Interface  
S-28-W 0.85 32.4 Interface  
S-28-D 1.22 31.9 Interface  
S-56-W 0.93 13.4 Interface 
S-56-D 1.29 11.0 Interface 
(*: S- Shear bond strength; 14, 28 and 56- Tested days; W-Wet, D-Dry). 
 
Moreover 96% of the 28
th
 day shear bond strength of the wet specimens was gained in 14 
days. At 56
th
 day, the wet cured shear bond strength was only 9.4% higher that the 
corresponding 28
th
 day strength. On the other hand, only 73% of the 28
th
 day shear bond 
strength of the dry specimens was gained in 14 days. At 56
th
 day the dry shear bond strength 
was only 5.7% higher that the corresponding 28
th
 day strength. This shows that the 28
th
 day 
strength is a good stable measure for the polymer cement mortared masonry as only 5.7% - 
9.4% gain in strength over another 28 days was achieved in both wet and dry curing methods. 
The dry curing method gained strength at a slower rate after the 28
th
 day compared to the wet 
specimens. 
 
6.7.3 Flexural bond strength 
The effect of the methods of curing and ageing to the flexural bond strength of the thin layer 
mortared concrete masonry are given in Table 6.8. The specimen notations are given below 
the Table 6.8. For an example F-28-W represents the flexural specimen with wet cured and 
tested on 28
th
 day. The complete shear bond strength data is given in Table B.3 of Appendix 
B. 
 
The average flexural bond strength of 14
th
 day wet cured specimen can be observed in Table 
6.5. It can be seen from the Table 6.8, the wet beam specimens consistently gave lower bond 
strength than the dry specimens similar to the shear bond specimens. On 28
th
 and 56
th
 days 
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the dry specimens were approximately 7.3% and 14.3% stronger than the corresponding wet 
specimens.  
 
Table 6.8: Flexural bond strength. 
Specimen* 
Average 
Flexural bond 
Strength (MPa) 
COV (%) 
Typical failure modes 
F-14-W 0.77 10.7 Interface 
F-14-D 0.87 11.6 Interface 
F-28-W  0.81  9.9 Interface 
F-28-D 0.95 7.0  Interface /partial block 
F-56-W 0.91 2.1 Interface /partial block 
F-56-D 0.98 5.3 Interface /partial block/ block 
(*: F- Flexural bond strength; 14, 28 and 56- Tested days; W-Wet, D-Dry). 
 
Moreover 95% of the 28
th
 day flexural bond strength of the wet specimens was gained in 14 
days (consistent to shear bond strength). At 56
th
 day the wet shear bond strength was only 
12.3% higher than the corresponding 28
th
 day strength.  On the other hand, about 92% of the 
28
th
 day flexural bond strength of the dry specimens gained in 14 days (this is in contrast to 
the shear bond strength – where only 72% gain was noted).  
 
At 56
th
 day the dry shear bond strength was only 3.2% higher than the corresponding 28
th
 day 
strength.  This shows that the 28
th
 day strength is a good stable measure for the polymer 
cement mortared concrete masonry which is consistent with the shear bond strength study 
conclusions.  The difference being that the flexural tensile bond strength is limited by the unit 
lateral modulus of rupture as higher bond strength tends to modify the failure mode from 
interface failure to unit failure. 
 
6.7.4 Deformation plots of shear triplet Specimens on 28th and 56th day. 
The shear bond stress vs. shear strain diagrams of 28
th
 and 56
th
 day shear triplet combinations 
are displayed in Figure 6.22. Same procedure was adopted as Part-1 analysis to obtain the 
shear stress vs. shear strain diagrams of 28
th
 and 56
th
 day of triplet specimens. Almost all the 
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combinations exhibit similar deformation behaviour. The ultimate strain at failure is in the 
range of 0.002-0.0025.  It can be compared that the 14
th
 day shear specimens showed higher 
shear strain with lower shear stress at failure. With the increase in the age (days of testing) 
the failure load increases, however the deformation capacity reduces.  
 
 
Figure 6.22: Shear bond stress vs. shear strain development in triplet specimens on 14
th
, 
28
th
 and 56
th
 day. 
 
The secant shear modulus calculated at one third of the peak shear stress and corresponding 
shear strain from Figure 6.14 and Figure 6.22 are presented in Table 6.9. The dry cured triplet 
S-28-D 
S-56-D 
S-28-W 
S-56-W 
S-14-D 
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specimens show higher shear modulus than the wet cured specimen. This is consistent with 
the bond strength data presented in Section 6.7.2. The results show that the higher the bond 
strength the higher the shear modulus. The secant shear modulus calculated from DIC 
measurements are marginally higher than that obtained from the LVDT measurements. 
However the maximum variation is only 5%, which is considered satisfactory in this 
research.  
 
Table 6.9: Average secant shear modulus of specimens. 
Specimen 
Average 
Secant shear 
modulus 
from LVDT 
(MPa) 
COV 
(%) 
Average 
Secant shear 
modulus 
from DIC 
(MPa) 
COV 
(%) 
Average 
Secant shear 
modulus 
from both 
methods/ 
(MPa) COV(%) 
S-W-14 341 16.7 370 11.8 353 13.5 
S-D-14 386 4.7 411 6.76 399 6.3 
S-W-28 384 7.1 372 22.7 378 14.9 
S-D-28 456 9.3 463 5.0 460 6.7 
S-W-56 473 12.2 442 11.2 458 11.1 
S-D-56 572 22.0 573 11.6 573 15.7 
 
 
6.7.5 Deformation characteristics of 28th and 56th day of beam  
The Figure 6.23 shows the load– middle deflection diagrams of beam specimens tested on 
28
th
 and 56
th
 day of thin layer mortared concrete masonry. The 28
th
 and 56
th
 day beams 
depicted an initial elastic behaviour corresponding to a high initial stiffness followed by 
reduced stiffness due to opening of flexural cracks at mid-span unit-mortar interface similar 
to 14
th
 day beam behaviour,. 
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Figure 6.23: Load vs. middle deflection of the beam tested on 14th, 28th and 56th day. 
 
 
The tensile strain across bottom fibre (i.e. Middle block including joints) of the beams at the 
failed joint was analysed similar to section 6.4.5 and plotted in Figure 6.24. Since most of the 
specimens exhibited brittle failure, the post peak behaviour of flexural stress vs. flexural 
tensile strain could not be obtained. It also can be seen from Figure 6.24, as the age (days of 
testing) and failure load increases, the flexural tensile deformation capacity reduces. 
Therefore it can be said, as the age of the specimens increases the thin layer mortared 
concrete masonry and with PCM becomes stiffer and lead to more brittle failure. 
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Figure 6.24: Flexural stress vs. flexural tensile strain across middle two joints of 14th, 
28th and 56th day of beam specimens. 
 
F-28-W F-28-D 
F-56-W F-56-D 
F-14-D 
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6.8 Summary 
In this chapter work, an attempt has been made to further extend the bond characterisation 
carried out in chapter 4. Full size hollow concrete block was used to assess the bonding 
characteristics with PCM. Initially FE models were used to predict the shear triplet and 
flexural beam responses of thin layer mortared concrete masonry made of full size hollow 
concrete block. Thereafter FE predictions were validated with experiments test results. 
Additionally the shear and flexural bond strength characteristics of thin layer mortared 
concrete masonry that are influenced by the curing methods (dry and wet) with different ages 
of specimens of thin layer mortared concrete masonry were investigated and reported in this 
chapter. The following conclusions are made from this chapter investigation. 
 The shear and flexural bond behaviour of full size hollow block also show the similar 
trend of reduced scale block bond results (from chapter 4). The developed FE 
technique was used to further validate the full size hollow concrete block shear bond 
behaviour. 
 The shear and flexural bond strengths of thin layer mortared masonry with polymer 
cement mortars (PCMs) are higher in dry cured specimens compared to wet cured 
specimens. PCM reach good bonding in dry curing due to the polymerisation process 
in those specimens than the wet curing.  
 Both the wet and dry cured specimens attain bond strength rapidly till 14 days, with 
only further moderate increase beyond. Therefore the 28 day strength testing appears 
as a good standard practice. 
 Flexural bond strength increase is inhibited by the lateral modulus rupture of the units, 
which modify the interface/ mortar failure to unit failure in case of high bond (or low 
lateral modulus blocks) specimens.  
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Chapter 7 : Compressive behaviour of thin layer 
mortared concrete masonry 
7.1 Introduction  
This chapter reports the compressive strength and deformation characteristics of thin layer 
mortared concrete masonry in comparison to conventional concrete masonry. Thus the 
research work of this chapter was dedicated to investigate the effects of joint thicknesses, 
mortar types and web shell contribution to the compressive behaviour of thin layer mortared 
concrete masonry. This chapter is divided into two parts (1) To assess the compressive 
strength characteristics of full size hollow concrete block with different mortar joint thickness 
and mortar types and (2) To investigate the effects of web shell contribution to the 
compressive characteristics of concrete masonry. 
 
7.2 Part 1: To assess the compressive strength characteristics of hollow 
concrete block with different mortar joint thickness and mortar types 
7.2.1 FE prediction of hollow concrete block prism compressive behaviour 
The calibrated FE modelling technique in chapter 5 was used to predict the compressive 
behaviour of stack bonded concrete masonry prisms. Four cases of prisms were modelled to 
predict the compressive behaviour. They are given below: 
 
1. Case 1: 10 mm thick conventional mortared masonry prisms 
2. Case 2: 4 mm thick conventional mortared masonry prisms 
3. Case 3: 4 mm thick PCM mortared masonry prisms 
4. Case 4: 2 mm thick PCM mortared masonry prisms. 
 
These four cases were selected to study the effects of mortar joint thickness and mortar type 
to the compressive behaviour of concrete masonry. Therefore mortar thicknesses were varied 
in the prism model (10 mm, 4 mm and 2 mm). Taking advantage of symmetry of masonry 
prisms under compression loading, only one-quarter of the prism is modelled and analysed 
with the appropriate symmetric boundary conditions. One-quarter of four courses high stack 
 Chapter 7 Page 128 
 
bonded masonry prism considered for modelling is shown in Figure 7.1. Therefore only half 
section of block was modelled as shown in Figure 7.2. 
 
 
Figure 7.1: Symmetry in masonry stack bonded prisms. 
 
The block and the mortar of the prism assembly were modelled with 4-node bilinear plane 
stress quadrilateral element (CPS4R) in ABAQUS FE package. A typical meshed geometry 
of modelled prism is shown in Figure 7.2. The vertical movement of bottom surface of the 
prism and the lateral movement of symmetric edge of the prism were restrained to maintain 
the equilibrium of prism FE model under compression loading. The load was applied as 
uniformly distributed incremental displacements at the top quarter of prism section (only to 
face-shell portion).  
 
As the unit was changed from previous chapter, the properties were modified based on 
manufacturer specification as well as the available deformation data in the literature. These 
data of unit are presented in Table 7.1 and Table 7.2. For Case 1 and 2 FE models, the 
conventional mortar material properties were defined as given in Table 7.1 and 7.3. For Case 
3 and 4 FE models, the PCM material properties were defined as given in Table 5.1 and 5.3. 
The conventional mortar and PCM interface parameters used for FE prism modelling are 
given in Table 7.4. 
 
90 
90 
Section considered for modelling 
due to symmetry 
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Figure 7.2: Prism FE model. 
 
 
Table 7.1: Details of concrete block and mortar material properties used in the analysis. 
Material 
properties 
Concrete 
unit 
Case 1 and 2 
conventional mortar 
properties 
Elastic Modulus, 
(MPa) 
10000 3500 
Poisson’s Ratio, υ 0.2 0.25 
Uniaxial 
compressive 
strength,(MPa) 
12.47 3.59 
Uniaxial Tensile 
strength,(MPa) 
1.25 0.3 
Biaxial stress ratio 1.16 1.16 
Dilation angle (°) 15 10 
Flow potential 
Eccentricity (ε) 
0.1 0.1 
Viscosity parameter  0.01 0.01 
 
 
 
 
 
Mortar Meshing 
Block Meshing 
Symmetric boundary 
condition 
Vertical movement 
restrain 
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Table 7.2: Details of concrete block compression and tension failure stress- in elastic 
strain response in FE model. 
Compression Tension 
Stress (MPa) inelastic strain Stress (MPa) inelastic strain 
10 0 1.16 0 
11 0.0004 1.0 0.0001 
12.47 0.0008 0.8 0.0003 
10 0.0012 0.6 0.0005 
8 0.0016 0.4 0.0008 
6 0.002 0.2 0.0015 
2 0.003   
 
Table 7.3: Details of conventional mortar compression and tension failure stress- in 
elastic response in the FE model. 
Compression Tension 
Failure stress (MPa) inelastic strain Failure stress (MPa) inelastic strain 
4 0 0.35 0 
5 0.0006 0.3 0.0003 
3.59 0.0012 0.25 0.00045 
5 0.0017 0.2 0.00065 
4 0.0022 0.15 0.00015 
3 0.0028   
2 0.003   
 
 
Table 7.4: Interface properties used for prism models. 
No Interface Properties Case 1 and 2 Case 3 and 4 
1 Tensile stiffness, knn 
(N/mm
3
) 
24 27 
2 Shear stiffness, kss 
(N/mm
3
) 
28 30 
3 Maximum tensile stress, 
tn0 (MPa) 
0.5 0.68 
4 Maximum shear stress, ts0 
(MPa) 
0.65 0.82 
5 Friction coefficient (  ) 0.5 0.60 
 
 
Figure 7.3 show the axial stress-strain diagrams of all four prism cases from FE model 
predictions. It can be seen from Figure 7.3, as the joint thickness reduces in the prisms, the 
compressive capacity increases. The vertical and lateral stress distribution in the prisms from 
FE models are shown in Figure 7.4. The Figure 7.4(a) and (b) show vertical and lateral stress 
distribution of the Case 1 prism and Figure 7.4(c) and (d) show the vertical and lateral stress 
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distribution of Case 4 prism predicted by the FE models. As shown in Figure 7.4(b) and (d) 
lateral tensile stresses were induced in the web-shells under vertical compression, which are 
nearly equal to the unit tensile strength capacity. Therefore FE prism models show the web 
splitting mode of failure in prism under axial compression.  
 
When a face shell bedded prism is loaded in compression, considerable bending stresses are 
induced in the unloaded cross webs of the units that act as deep beams spanning between the 
face-shell. This leads to splitting failure of these un-bedded web-shells with cracks initiating 
in a zone of tensile stress at the bottom and top of these webs. The FE model also predicts the 
mortar crushing at the corners of face-shell bedded prisms as shown in Figure 7.4(a). 
 
 
 
Figure 7.3: Axial stress-axial strain diagrams from FE prism analyses. 
 
 
 
(a) Case 1 (b) Case 2 
(c) Case 3 (d) Case 4 
4 mm PCM mortar prism 
10 mm conventional mortar prism 4 mm conventional mortar prism 
2 mm PCM mortar prism 
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Figure 7.4: Vertical and lateral stress of concrete masonry prisms under compression 
load of Case 1 and Case 4 prisms. 
 
Also due to the incompatible deformation of masonry materials the unit is subjected to uni-
axial compression and bi-axial tensile stress state under compression. The FE models predict 
this phenomenon of the lateral tensile stress development in unit near the interface as 
displayed in Figure 7.4(b) and (d). The induced lateral tensile stresses were reduced in the 
prism, when the thickness of mortar was reduced from 10 mm to 2 mm in Case 4 prisms. 
 
The Figure 7.5 shows the vertical (S22) and lateral (S11) stress distribution along the height 
of the prism at mid sections of face-shell and mortar. The Figure 7.5 clearly shows the 
induced lateral tensile stresses at around mortar-unit joint area. The induced tensile stresses 
reduce as the mortar joint thickness reduces and mortar type changes from conventional to 
PCM. This confirms that the higher bond strength leads to less differential expansion of unit 
and mortar and increases the compressive strength of masonry. Also it can be noticed from 
Figure 7.5 that the mortar is under compressive stress state in vertical and lateral direction in 
all prism cases analysis. However the deep beam bending of face-shell units are more critical 
in failure of face-shell bedded prism, therefore the web shell splitting occurs before the 
induced tensile cracking at middle of the blocks for face-shell units. 
(a) (b) (c) (d) 
Mortar 
crushing 
Induced tensile stress at middle block 
Tensile stress at webs 
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Figure 7.5: Vertical (S22) and Lateral (S11) stress variation of concrete masonry prisms 
under compressive stress. 
 
7.2.2 Validation experiments 
An experimental program was carried out to validate the FE prediction. The same cases of 
prisms with different mortar types and mortar joint thickness were considered in the 
experimental program. The stack bonded prism test method was adopted to determine the 
compressive strength of masonry as proposed in AS 3700 (2011).  Thus three different mortar 
joint thicknesses (10 mm, 4 mm and 2 mm) and two different mortar types were taken into 
consideration as in FE analyses.  
 
 
(a) Case 1 (b) Case 2 
(c) Case 3 (d) Case 4 
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7.2.2.1 Blocks 
The hollow concrete block of gross dimensions of 390 mm (Long) × 90 mm (Wide) × 90 mm 
(Thick) was selected to construct the prism. The hollow concrete block consist of two end 
web shells of average thickness 27 mm each and a mid web shell of average thickness 26 
mm. The average thickness of face shells were 27 mm each (Figure 7.6). The adoption of 
same block type that was used in chapter 6 was not feasible due to the limitations in 
laboratory loading facilities.  
 
 
Figure 7.6: Hollow concrete block used prism tests. 
 
The compressive strength of hollow concrete block was determined as according to the 
AS/NZS 4456.4 (2003) and shown in Figure 7.7(a). Totally 4 blocks were tested under 
uniaxial compression to get an average compressive strength. 6 mm plywood capping was 
provided on top and bottom of the face-shells to avoid steel to concrete contact to minimise 
the platen resistance. 300 kN Instron testing machine was used for the unit compression tests. 
Since it was loaded only on face-shells, all the blocks failed through face-shell cracking as 
shown in Figure 7.7(b). The average compressive strength of 12.67 MPa was obtained with 
coefficient of variation of 3.36%. The complete hollow concrete block compressive strength 
data are given in Table C.1 of Appendix C. 
 
90mm 
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Figure 7.7: Uniaxial compression test of block. 
 
7.2.3 Mortar 
Two types of mortars were used in this investigation. The conventional M3 mortar (cement: 
lime: sand = 1:1:6) as per AS 3700 (2011) was selected for case 1 and 2 prism construction. 
The 4% polymer cement mortar (PCM), which was used in chapters 4 and 6 was selected for 
case 3 and 4 prism construction. The water for the mortar mixes was controlled based on the 
workability; the mortar mixes used in the construction are shown in Figure 7.8. The 
mechanical properties of PCM are already given in section 4.2.3.1. 
 
Load distribution 
beam 
6mm Plywood capping 
Block 
Instron loading 
machine 
Web shell cracking 
(a) Compression testing 
(b) Face-shell cracking of block 
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Figure 7.8: Mortar mixes. 
 
The compressive and flexural strengths of conventional M3 mortar were determined. The 
compressive strength of mortar was determined by cylinder specimens of 50 mm (Diameter) 
×100 mm (High) as shown in Figure 7.9(a). The flexural strength of conventional mortar was 
determined by three point beam dimensions of 160 mm (Long) × 40 mm (Wide) × 40 mm 
(Thick) as displayed in Figure 7.9(b). All specimens were tested in 50 kN capacity Instron 
testing machine under displacement control. The average compressive strength of 3.59 MPa 
was obtained with the coefficient of variation of 5.9%. Additionally the average flexural 
strength of conventional mortar of 0.34 MPa was obtained with the coefficient of variation of 
2%. This shows that the compressive and flexural strengths of M3 mortar are less than PCM 
strengths. 
 
 
Figure 7.9: Conventional M3 mortar testing. 
100 
(a) Compression test (b) Flexural test 
160 
(a) M3 mortar mix (b) PCM mix 
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7.2.4 Masonry prism construction and testing 
The conventional M3 mortar was used to construct Case 1 and Case 2 mortar joint prisms and 
the PCM was used to construct Case 3 and Case 4 masonry prisms. Due care was taken to 
ensure proper mortar joint thickness by inserting spacers of specified thickness (10 mm, 4 
mm and 2 mm) into mortar joints during the construction. The inserted spacers can be seen in 
Figure 7.10(a) and the constructed prisms are shown in Figure 7.10(b).  
 
 
Figure 7.10: Constructions of masonry prisms. 
 
All the prisms were constructed with face-shell bedded mortar. The maximum aspect ratio (ka, 
height to thickness ratio) of the prism was 11.8 and the minimum was 11.1. A total of 36 
prisms were constructed. 
 
The constructed prisms were wrapped with plastic sheets and kept under cover to prevent 
evaporation of moisture and facilitate proper curing of mortar. After 7 days of construction, 
the covers were removed and the prisms were allowed to dry cure till the testing day as it was 
(a) Face-shell construction 
(b) Constructed prisms 
Spacers to maintain 
the joint thickness 
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found a good method of curing in chapter 6. Thereafter the prisms were tested on 28
th
 day 
after construction. All the prisms were capped with 5 mm plywood on top and bottom of face-
shells prior to loading to avoid platen resistance.  
 
The axial compression tests were performed (Figure 7.11(a)) in under displacement control in 
order to obtain the complete load-displacement curve of the specimens. A servo-hydraulic 
MTS controller with a double acting actuator of 300 kN capacity was used and the load-
displacement data was recorded using the MTS controller software.  
 
 
Figure 7.11: Prisms testing. 
 
The DIC method was used to measure the prism deformation under compression loading as 
shown in Figure 7.11(b). Each test took approximately 8 minutes from the start to the failure 
Actuator 
Load distribution 
beam 
Specimen 
(a) Loading set up 
Digital camera for 
image acquiring 
Load data acquisition 
system 
(b) Data acquisition set-up 
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of the specimens. Therefore digital images were taken at 10 seconds interval. A total of 40-50 
images were acquired from each test and used in the DIC deformation analysis. 
 
7.2.5 Results and Discussion  
7.2.5.1 Failure modes 
All the prisms failed due to cracking of web shells parallel to the direction of axial load as 
shown in Figure 7.12 irrespective of the thickness or the types of the mortar joint thickness 
used. Commonly the initial cracking of prism was observed after 85-95 % of the maximum 
failure load of the specimens. After the maximum load was attained, the face-shells of prisms 
spalled off with a rapid decrease in load.  
 
The early cracking of the web shells indicates the presence of bending stresses caused by the 
action of deep beam spanning between the loaded face-shells. Cracks were observed in all 
three web-shells during the failure of prisms. This confirms that the face-shell bedded 
masonry always fails through web-shell splitting under axial compression. During the web 
shell cracking, mortar crushing was also observed at the corners of the prisms.  
 
 
 
Figure 7.12: Failure modes of prisms under compression. 
 
7.2.5.2 Compressive strength 
The average compressive strength as well as the corresponding coefficient of variation (COV) 
for each group of test prisms is presented in Table 7.5. Since it was face-shell bedded 
Web-shell crack 
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masonry prisms, face-shell bedded section area was considered for compressive strength 
calculations. The maximum COV was 8.2%, which can be regarded quite acceptable for 
masonry compression tests studies. The full prism strength data are given in Table C.2 of 
Appendix C. 
 
Table 7.5: Compressive strength of prisms. 
Specimen 
Average 
compressive 
Strength (MPa)  COV% 
Case 1 6.9 9.4 
Case 2 7.4 8.9 
Case 3 8.3 5.6 
Case 4 10.1 8.2 
 
 
The compressive strength of masonry prism increases with the reduction of mortar joint 
thickness from 10 mm to 4 mm in the prisms. As the thickness of the mortar joint reduces, the 
lateral confinement effect offered by the blocks of successive layers on mortar increases 
noticeably, consequently bringing down the incongruity between mortar and block.  
 
For case 3 and case 4 prisms, the average compressive strength increases from 8.3 MPa to 
10.1 MPa which is an almost 20% increase. Here the strength increment was not due to aspect 
ratio change, because the aspect ratios do not change very much due to thickness variation in 
the prisms. It also can be clearly seen from Table 7.5 that the case 3 prisms exhibit 12% 
higher compressive strength than the case 2 prisms. When the mortar joint thickness reduces 
from 10 mm (Case 1) to 2 mm (Case 4), the average compressive strength of prisms increases 
nearly by 35%. Therefore the compressive strength of the face-shell bedded masonry can be 
increased considerably through reduction in thickness as well as increase in bond strength (i.e 
usage of PCM). 
 
7.2.6 Stress-strain curves for the hollow block prisms under compression 
Digital images taken at 10 seconds interval from start to the end of each test (as described in 
Section 7.2.4) resulted in total of 40-50 images. These images were analysed to obtain strain 
information. The procedure is illustrated through a typical example shown in Figure 7.13 that 
exhibits two blocks and a mortar joint.  A zone of 180 mm × 170 mm was chosen for the 
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analysis and the zone was divided into 18 × 17 patches, with the size of a typical patch as 
50×50 pixels.  
 
Mid points of four patches
1
P ,
2
P  
1
Q  and 
2
Q  were selected (refer to Figure 7.13) to analyse the 
vertical and horizontal. In order to calculate the vertical strain, the vertical coordinate (
1o
y y  
and
01 11
y y ) differences between the points P1-Q1 and P2-Q2 (in every successive image from 
initial undeformed image) were considered and the vertical strains were calculated using 
Equation (4.2). Similarly to calculate the horizontal strain, the horizontal coordinate (
0 01
x x
and
01 11
x x ) variations between the points P1-P2 and Q1-Q2 (in every successive image from 
initial undeformed image) were calculated and the lateral strains were obtained from Equation 
(4.1).  
 
 
Figure 7.13: Selected zone divided into patches. 
 
The loading was recorded against the time and the digital images were taken at 10 seconds 
interval. From the recorded loading data, the stress points were calculated against time and 
from the digital image analysis, the strains (axial and lateral) were calculated at every 10 
seconds interval. To obtain the stress-strain curve, stress points and strain points at a 
particular time were matched and complete stress–strain curves were plotted. Figure 7.14 
shows compressive stress vs. strain behaviour of the prisms plotted up to the failure; both the 
axial and lateral strains are plotted against the compressive stress.  It can be seen that the case 
1 prisms have registered the largest axial strain (nearly 0.0025) compared to any other prisms 
1 0 0
( , )P x y  
1 1 1
( , )Q x y  
2 11 11
( , )Q x y
 
2 01 01
( , )P x y  
Mortar joint 
Block 
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combinations. The case 4 prisms depicted the lowest axial strain compared to other 
combinations. The reduced thickness and increased bond strength have reduced the axial and 
lateral deformation capacity of case 4 prisms. 
 
The prisms generally exhibit linear behaviour up to 70% of the ultimate load.  The modulus 
of elasticity was determined from the 40% of the measured ultimate failure capacity. This 
region usually lies well within the reasonable linear part of the curves. The Poisson’s ratio 
was also calculated from the lateral strain at the same stress level. The calculated average 
elastic modulus and Poisson’s ratio are provided in Table 7.6.  
 
 
Figure 7.14: Axial and lateral strains of prisms under compressive load of hollow block 
prisms. 
 
The data in Table 7.6 show that the reduction in thickness in case 1 to case 4 increases the 
elastic modulus and reduces the Poisson’s ratio. Therefore it can be said that the deformation 
characteristics of thin layer mortared concrete masonry (case 4) differs from conventional 
concrete masonry (case 1). It also can be stated that the thin layer mortared concrete masonry 
(a) Case 1 (b) Case 2 
(c) Case 3 (d) Case 4 
4 mm conventional mortar prism 10 mm conventional mortar prism 
4 mm PCM mortar prism 2 mm PCM mortar prism 
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is stiffer than conventional mortar due to the usage of reduced mortar joint thickness with 
PCM. 
 
Table 7.6: The elastic modulus and Poisson’s ratio of hollow block prisms. 
Specimens 
Elastic modulus 
(MPa) COV (%) 
Poisson’s 
Ratio COV (%) 
Case 1 4687 10.4 0.27 11.3 
Case 2 5261 12.8 0.23 8.4 
Case 3 6965 4.8 0.18 6.8 
Case 4 8217 7.7 0.18 12.1 
 
 
7.3 FE validation of compressive behaviour of stack bonded masonry 
prisms. 
Figure 7.15 shows the FE and experimental axial stress-strain responses of all four prism 
cases. The FE results are matched with average experimental prism axial stress-strain 
behaviour. A good agreement of the response of axial stress-strain behaviour was obtained 
from the FE model with experimental results. It can be seen from the Figure 7.15, the FE 
models predicted the variation of masonry compressive strength with different joint thickness 
with the acceptable accuracy. 
 
From the FE stress-strain graphs, the ultimate failure capacity and elastic modulus were 
calculated and presented in Table 7.7 for comparison. The FE elastic modulus was calculated 
from 40% of the ultimate failure capacity and corresponding strain value from the graph 
similar to experimental elastic modulus calculation. The experimental results of ultimate 
failure capacity and elastic modulus are taken from Table 7.5 and Table 7.6 respectively and 
presented in Table 7.7 for comparison.  
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Figure 7.15: Axial stress-axial strain diagrams of experimental and FE prism analysis. 
 
Table 7.7: FE and experimental results. 
Specime
n 
Compression capacity 
(MPa) 
m Exp m FE
f f 
  
Elastic modulus (MPa) 
Exp FE
E E
  
Experiment
al 
FE Experiment
al 
FE 
Case 1 6.9 7.3 0.95 4687 5472 0.86 
Case 2 7.4 8.1 0.91 5261 6295 0.84 
Case 3 8.3 8.3 0.99 6965 6671 1.04 
Case 4 10.1 9.3 1.07 8217 9352 0.88 
 Average = 
0.98 
 Average 
= 0.91 
 
Ratios between experimental and FE compression capacities (
m
f ) are calculated and 
presented in Table 7.7 to check the accuracy of FE prediction. Similarly the ratios between 
experimental and FE elastic modulus ( E ) are given in Table 7.7. From Table 7.7, the 
maximum of 9% and minimum of 1% variation are noticed in prediction of ultimate failure 
(a) Case 1 (b) Case 2 
(c) Case 3 (d) Case 4 
10 mm conventional mortar prism 4 mm conventional mortar prism 
4 mm PCM mortar prism 2 mm PCM mortar prism 
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capacity. Similarly maximum of 16% and minimum of 4% variation in prediction of elastic 
modulus are noticed in Table 7.7.  
 
7.4 Part 2: To investigate the effect of web shell contribution to the 
compressive characteristics of masonry. 
In order to study the effect of web shell contribution to the compressive characteristics of 
concrete masonry, H block prisms were constructed and tested under compression. A 
comparable H block for hollow concrete block selected for the part-1 study was not available 
in the market. Therefore, the hollow concrete blocks were used to create the H blocks using 
diamond saw cutting of the end web shells. The end web cut H concrete block is shown in 
Figure 7.16. 
 
 
Figure 7.16: H block used in Part 2 experiment. 
 
Four cases of H block prisms were constructed similar to part-1 experimental study. They are 
given below with different notations: 
 
1. Case 1H: 10 mm thick conventional mortared masonry prisms 
2. Case 2H: 4 mm thick conventional mortared masonry prisms 
3. Case 3H: 4 mm thick PCM mortared masonry prisms 
4. Case 4H: 2 mm thick PCM mortared masonry prisms. 
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mm 
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m
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20 
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Figure 7.17: Constructed H block prisms. 
 
All the H block prisms were constructed with face-shell bedded mortar. Totally 12 prisms 
were constructed in the part-2 investigation. The constructed prisms are shown in Figure 7.17. 
Same curing method that was used in Part-1 was adopted in Part-2 to maintain the 
consistency. All the prisms were tested on 28
th
 day. Figure 7.18 shows the compression 
testing of H block prisms.  
 
 
Figure 7.18: Compression testing of H block prisms. 
 
7.4.1 Failure mode of H block prism under compression 
The H block prisms failed due to cracking of web shells parallel to the direction of axial load 
as shown in Figure 7.19 irrespective of the thickness or mortar type used. The H block prism 
failures were most sudden than the hollow block prisms in part-1 study. The sudden brittle 
failure of H block prisms could be due to the absence of end web shells in blocks. 
Digital camera for 
image acquiring 
Actuator 
Load distribution 
beam 
Specimen 
Spacers inserted to 
maintain the joint 
thickness 
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Figure 7.19: Failure modes of H prisms. 
 
7.4.2 Compressive strength 
The average compressive strength as well as the corresponding coefficient of variation of H 
block prisms is presented in Table 7.8. Since it was face-shell bedded masonry prisms, face-
shell bedded section area was considered for compressive strength calculations.  
 
Table 7.8: Compressive strength of H and hollow block prisms. 
Specimen 
Average H block 
compressive 
Strength (MPa) COV% 
Average 
Hollow block 
compressive 
Strength 
(MPa)  COV% 
Case 1H 5.2 9.6 6.9 9.4 
Case 2H 6.2 14.3 7.4 8.9 
Case 3H 6.5 5.9 8.3 5.6 
Case 4H 7.2 4.0 10.1 8.2 
 
 
It can be seen from Table 7.8, as the thickness reduces in the prisms from case 1H to case 4H, 
the compressive strength increases, which is consistent with part-1 experimental study. The 
compressive strength of hollow block prisms (i.e. case 1 to 4) is consistently higher than the 
H block prisms (i.e. case 1H to 4H) prisms. For an example, case 1 exhibited strength of 6.9 
MPa and the case 1H counterpart prisms failed at 5.2 MPa average compressive strength 
Web shell crack 
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(25% loss of strength). The loss in compressive strength due to the loss of the end web shells 
was also evident in other cases of H block prisms. A simple explanation of the loss could be 
stated as follows: as the failure is through web-shell cracking, the hollow blocks that contain 
three cross web shells have provided higher compressive strength than the H blocks that 
contain only one web shell available for cracking.  
 
Although the data are limited, the loss of compressive strength in H blocks is quite consistent 
to the basic mechanics of the bodies loaded in compression with and without lateral restraints 
and hence warrants further detailed examination.  Currently the Australian masonry standard 
(AS3700, 2011) does not concern block geometry variations in the design compressive 
strength clauses; a fundamental look into the shapes of the face shell edges in H blocks 
appears prudent. 
 
7.4.3 Stress-strain curves for the H block Prisms under compression 
Figure 7.20 shows compressive stress vs. strain behaviour of the H block prisms plotted up to 
the failure; both the axial and lateral strains are plotted against the compressive stress.  It can 
be seen that the axial deformation capacity of H block prism are comparatively less than 
hollow concrete block prisms. However, slightly high lateral deformations are observed in H 
block prisms than hollow block prisms. The absence of end web-shells (lateral restrain due to 
web-shells) allow the prism to deform more laterally compared to hollow block prism (which 
has end web-shells). 
 
From the Figure 7.20, modulus of elasticity was determined from the 40% of the measured 
ultimate failure capacity. The Poisson’s ratio was also calculated from the lateral strain at the 
same stress level. These values are provided in Table 7.9. The reduction in mortar joint 
thickness has increased the elastic modulus and reduced the Poisson’s ratio of H block 
prisms, similar to hollow concrete block prisms. By comparing Table 7.9 with 7.6 reveals that 
the change in block type (hollow to H) reduces the elastic modulus and slightly increases the 
Poisson’s ratio. 
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Figure 7.20: Axial and lateral strains of prisms under compressive load of hollow block 
prisms. 
 
Table 7.9: The elastic modulus and Poisson’s ratio of H block prisms. 
Specimens 
Elastic modulus 
(MPa) COV (%) 
Poisson’s 
Ratio COV (%) 
Case 1H 3633 10.2 0.27 6.3 
Case 2H 4837 25.1 0.26 7.1 
Case 3H 5168 3.6 0.24 5.6 
Case 4H 6501 17.6 0.21 2.8 
 
 
7.5 Summary  
This chapter reported the effects of joint thickness, mortar types and web-shells to the 
compressive strength of concrete masonry. Initially FE models were used to predict the 
compressive behaviour of concrete masonry with different joint thicknesses (10 mm, 4 mm 
and 2 mm) and mortar types. Later experimental prism compression tests were carried on the 
(a) Case H1 
) 
(b) Case H2 
) 
(a) Case H3 
) 
(b) Case H4 
) 
4 mm PCM mortar prism 
10 mm conventional mortar prism 4 mm conventional mortar prism 
2 mm PCM mortar prism 
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same cases to validate the finite element predictions. The hollow concrete blocks were used 
for the construction of prisms. The conventional M3 mortar and PCM were used and the 
prisms were made with 10 mm, 4 mm and 2 mm mortar joints. Thereafter FE results are 
validated with the experimental results. Also an investigation on effects of web-shell 
contribution to compressive strength characteristics were carried out and reported in this 
chapter. The main conclusions of the present study are the following: 
 
 The PCM bedded prisms exhibited higher compressive strength than the conventional 
mortar prisms. The increased bond strength with polymer cement mortar has reduced 
the incongruity deformation between the unit and the mortar. The higher bond 
strength appears beneficial to the compressive strength of masonry.  
 The mortar joint thicknesses less than 10 mm increase the compressive strength of 
face-shell bedded concrete masonry. This increase was prominent when the thickness 
is less than 4 mm.  
 All prisms failed through web-splitting under axial compression. The failure mode of 
face-shell bedded prisms have not changed with the type of mortar used, joint 
thickness adapted and type of block used in prisms.  
 The FE model was used to analysis the compression behaviour of masonry prisms. 
Through FE analysis good agreement was found with experimental compression 
behaviour of conventional and thin layer mortared concrete masonry prisms. The 
proposed model depicts the actual stress state of masonry prisms under compression 
loading. 
 Hollow block prisms depicted higher compressive strength (up to 25%) than the H 
block prisms.  
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Chapter 8 : Behaviour of thin layer mortared 
concrete masonry under combined shear-
compression stresses 
 
8.1 Introduction 
This chapter presents an investigation of thin layer mortared concrete masonry under 
combined shear-compression state of stresses. FE and Experimental analyses are presented. 
This chapter can be considered as an extension of the developments reported in previous 
chapters, where single state of stresses (shear, flexural tension and compression) has been 
considered. Shear strength of unreinforced conventional masonry is known to increase 
significantly under the normal compressive stresses. Therefore it is worth examining whether 
or not the same holds good for the thin layer mortared concrete masonry and hence the 
investigation reported in this chapter. This chapter is divided into two parts:  
1. Prediction of the combined shear-compression behaviour of thin layer mortared 
concrete masonry using the validated FE model in Chapters 6 and 7 and validate the 
predictions through experiments and  
2. Examine the biaxial behaviour of thin layer mortared concrete masonry using the FE 
model.  
 
8.2 Concept of modelling 
With the increase in compressive stress, shear strength of concrete masonry is shown to 
increase in conventional masonry (Kornbak, 2000; Augenti and Parisi, 2011). However, it is 
not clear how the thin layer mortared concrete masonry would behave under the combined 
shear-compression stresses. In order to examine this, the FE model that works adequately 
under simple state of stresses (flexural tension, shear and compression) as reported in 
Chapters 5 – 7 has been used and its predictions validated through experimental tests as 
reported in this chapter.  
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A typical masonry panel subjected to combined shear-compression stresses is shown in 
Figure 8.1.The superposition principle helps keeping the modelling method simpler as shown 
in Figures 8.1(b) and (c). Figure 8.1(b) shows biaxial compression pressures ( n and p ) 
acting on the panel; due to symmetry, the model can be restricted to quarter of the panel. 
Figure 8.1(c) shows the shear traction ( np ) acting on the panel; due to anti-symmetry of the 
traction, modelling of quarter of the panel can be considered. Therefore only quarter of the 
masonry panel is considered in the modelling for combined shear-compression behaviour of 
masonry.  
 
 
Figure 8.1: Typical masonry panel under combined shear and compression pressures. 
 
The cases considered for combined shear-compression FE modelling are given below: 
1. Case A: No shear traction. 
 Case A1: Compressive stress perpendicular to bed joint, ( n p  = ). 
 Case A2: Compressive stress parallel to bed joint, ( n p  = 0). 
2. Case B: Combined shear-compression on masonry panel as given in Table 8.1. 
 
 
 
 
 
+ = 
(a) Shear-compression (b) Biaxial compression (c) Shear traction 
Shear traction 
Compressive pressures 
n
  
p
  
np
  
Quarter panel 
considered for FE 
model 
n
  
p
  
Symmetric boundary 
condition 
Anti-Symmetric 
boundary condition 
np

np

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Table 8.1: Ratios considered between shear, normal and parallel stresses in combined 
shear-compression analysis. 
Ratio Case 
B1 
Case 
B2 
Case 
B3 
Case 
B4 
Case 
B5 
Case 
B6 
Case 
B7 
Case 
B8 
n p
   6.6 4.5 3.0 1.66 1.0 0.66 0.5 0.2 
np n
   0.33 0.39 0.44 0.8 1.0 1.33 1.33 2 
np p
   2 1.75 1.33 1.33 1.0 0.8 0.66 0.4 
 
As shown in Figure 8.2 two blocks high and one block wide symmetric section of the 
masonry panel was considered. The modelled block size was 185 mm (long) × 90 mm (wide), 
which is a half scale block. 1 mm thick mortar was modelled to create the symmetric panel 
assembly. The FE models considered for cases A and B are shown in Figure 8.2(a) and (b) 
respectively. For case A analysis, symmetric boundary conditions were given to the vertical 
and horizontal symmetric edges as shown in Figure 8.2(a) to apply normal ( n ) or parallel (
p
 ) pressures to the bed joints. For case B analyses, bottom and vertical left edges of the FE 
model were restrained with anitsymmetric boundary condition as displayed in Figure 8.2(b) 
and combined shear ( np ) - compression pressures ( n and p )  were applied. Incremental 
pressure rate (i.e. keeping the same normal to parallel to pressure ratio) was given to maintain 
uniform stress state during the FE analysis.  
 
 
Figure 8.2: FE models considered for combined shear-compression analysis. 
(b) Combined shear-compression 
Antisymmetric boundary  
p  
n  
np
(a) Biaxial compression 
p
Symmetric boundary  
n
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8.2.1 Material and interface properties used for FE model 
As half scale units were assumed for this investigation, the concrete material properties were 
modified based on manufacturer specifications and testing reported in Janaraj (2014). The 
properties are reported in Tables 8.2 and 8.3. The polymer cement mortar (PCM) proportions 
remained unchanged and hence the properties reported in Tables 5.1 and 5.3 (Chapter 5) were 
used in the modelling. However the thickness of mortar layer was adjusted to 1 mm to be 
consistent with the half-scale units. The PCM – unit surface interface parameters used in this 
FE modelling are given in Table 8.4. The data in the Table 8.4 are similar to the one used for 
full scale concrete block data in Table 6.1. Because the half scale unit was quite rough 
compared to the full scale block, the tensile and shear stiffnesses were increased by 18% and 
27% respectively and the friction coefficient was increased by 17% for the analysis. The other 
parameters were not changed.  
 
Table 8.2: Details of concrete block material properties used in the analysis. 
Material 
properties 
Concrete  
Elastic Modulus, 
(MPa) 
11000 
Poisson’s Ratio, υ 0.2 
Uniaxial compressive 
strength,(MPa) 
18.43 
Uniaxial Tensile 
strength,(MPa) 
1.8 
Biaxial stress ratio 1.16 
Dilation angle (°) 15 
Flow potential 
Eccentricity (ε) 
0.1 
Viscosity parameter  0.01 
 
Table 8.3: Details of concrete block compression and tension failure stress- in elastic 
strain response in FE model. 
Compression Tension 
Stress (MPa) inelastic strain Stress (MPa) inelastic strain 
10 0 1.8 0 
11 0.0003 1.5 0.0001 
18.43 0.0007 1.0 0.0003 
10 0.0011 0.8 0.0005 
8 0.0014 0.5 0.0008 
6 0.0018 0.2 0.0015 
2 0.0025   
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Table 8.4: Interface properties used in FE model. 
No Interface Properties PCM 
1 Tensile stiffness, knn 
(N/mm
3
) 
32 
2 Shear stiffness, kss 
(N/mm
3
) 
38 
3 Maximum tensile stress, 
tn0 (MPa) 
0.68 
4 Maximum shear stress, ts0 
(MPa) 
0.82 
5 Friction coefficient (μ) 0.70 
 
8.2.2 FE prediction 
8.2.2.1 Failure modes 
Figure 8.3 shows the failure mode with vertical and lateral stress distribution of FE model for 
compression normal to bed joint. The FE model clearly shows the lateral tensile stresses 
development in the unit and perpends joint separation under applied stress normal to bed 
joint. This phenomenon is due to the differential expansion of unit and mortar under 
compression normal to bed joint in masonry.  
 
Figure 8.3: Vertical and lateral failure stress distribution of applied compressive stress 
normal to bed joint. 
(c) Interface separation of perpend joint 
(a) Vertical stress distribution 
n
 =12 MPa 
(b) Lateral stress distribution 
n
 =12 MPa 
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Figure 8.4 shows the failure mode with vertical and lateral stress distribution of FE model for 
compression perpendicular to bed joint. The FE model clearly shows the higher tensile stress 
development in bed joints under applied stress parallel to bed joint. The applied stresses 
parallel to bed joint causes the tensile stresses development in bed joints and interface, which 
ultimately causes the tensile splitting of bed joint interface.  
 
 
Figure 8.4: Vertical and lateral stress distribution of applied compressive stress parallel 
to bed joint. 
 
The shear stress distribution and deformation of quarter panels under combined shear-
compression are presented in Figures 8.5 and 8.6.   
 
With the applied combined shear-compressive stresses, interface sliding or separation failure 
at bed and perpend joints are observed in FE models. The introduction of shear traction 
pressure on the FE model caused the sliding or separation failure of masonry interface. These 
modes of sliding or separation failures are commonly observed in conventional masonry 
under combined shear-compression loading.  
(b) Bed joint interface separation 
(a) Vertical stress distribution 
p
 =12 MPa 
(b) Lateral stress distribution 
p
 =12 MPa 
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Figure 8.5: Shear stress distribution and deformation of combined shear-compression 
analyses (case B1-B4). 
n
 = 10 MPa 
p
 = 1.5 MPa 
np
 =3.0 MPa 
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n
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p
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p
 = 3 MPa 
n
 = 5 MPa 
np
 = 4 MPa 
(d) Case B4 
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(c) Case B3 
(a) Case B1 
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Figure 8.6: Shear stress distribution and deformation of combined shear-compression 
analyses (case B5-B8). 
(d) Case B8 
n
 = 2 MPa 
p
 = 10 MPa 
np
 = 4 MPa 
p
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n
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8.2.2.2 Strength prediction  
The ultimate normal, parallel and shear stresses predicted from Case A and Case B analyses 
are given in Table 8.5. The Figure 8.7(a) and (b) shows the shear stress variation with normal 
and parallel stresses respectively. The initial shear bond strength of 0.85 MPa was taken from 
the Table 8.4 FE model material input data and included in Figure 8.7(a) and (b).  
 
Table 8.5: Failure strengths predicted from Case A and Case B analyses. 
Analysis 
case 
Stress 
ratio 
(σn/σp) 
Normal 
stress σn 
(MPa) 
Parallel 
stress σp 
(MPa) 
Shear 
stress τnp 
(MPa) 
Region/Point 
Case A1 
 
10.35 0 0 D 
Case B1 6.66 7.76 1.16 2.56 C 
Case B2 4.5 7.23 1.61 3.02 
Case B3 3 6.95 2.36 3.13 
Case B4 1.66 4.81 2.87 3.87 B 
Case B5 1 3.88 3.88 3.88 
Case B6 0.66 2.93 4.79 3.84 
Case B7 0.5 2.57 5.13 3.61 A 
Case B8 0.2 1.26 6.25 2.41 
Case A2 0 0 9.36 0 E 
 
 
 
Figure 8.7: Shear stress variation with normal and parallel compressive stress. 
 
 
It can be observed from Table 8.5 that the compressive strengths normal and parallel to bed 
joint predicted from FE models are 10.35 MPa and 9.36 MPa respectively. With the lower 
(a) Normal-Shear stress variation (b) Parallel-Shear stress variation 
E C B A D A B C 

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level of normal compressive stresses, the ultimate shear stress increase with increasing 
normal stress (attained max shear stress was 3.9 MPa). However increase in normal stress 
beyond ~5.8 MPa reduces the shear strength of thin layer mortared concrete masonry. Similar 
trend can be observed in parallel stress to shear stress variation.  
 
Experimental tests have been carried out to validate the FE predictions of thin layer mortared 
concrete masonry behaviour under combined shear-compression stress states. From Table 8.5 
three regions of normal/parallel stresses ratios to shear stress and two zero shear strength 
points are identified for experimental combined shear-compression. Linear trend lines were 
drawn to fit the FE prediction points in each region. The three identified regions (A, B, and 
C) and two zero shear stress points (D and E) are shown in Figure 8.7(a) and (b) and 
explained below: 
 
 Region A: n p  < 0.66 (higher parallel to normal stress ratios) 
 Region B: 0.66 ≤ n p  < 1.66 (Normal and parallel stress are 
approximately equal) 
 Region C: n p  < 1.66 (higher normal to parallel stress ratios) 
 Point  D: Stress normal to bed joint ( n p  = ) 
 Point E: Stress parallel to bed joint ( n p  = 0)  
 
8.3 Validation experiment planning 
It is necessary to develop a method to experimentally estimate the behaviour of masonry 
under combination of shear and normal stresses on the critical bed and head joint planes. This 
stress state can be induced by applying a compressive load to a masonry panel where the bed 
joints are oriented at different angles from the direction of the load as shown in Figure 8.8.  
 
The applied vertical compressive stress y can be converted to compressive and shear 
stresses    & &n np p npand    along the bed and head joints respectively as shown in 
Figure 8.8(b) using Equations (8.1) to (8.3). The Equations (8.1) to (8.3) were derived from 
stress transformations.  
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Figure 8.8: Masonry assemblage tested under different axis of compression. 
 
 
2cosn y        (8.1)
 
2sinp y        (8.2)
 
sin cosnp y        (8.3)
 
 
In which  is the angle of bed joint to the X-axis. 
 
Therefore five different thin layer mortared concrete masonry panels with varying bed joint 
orientations (0º, 22.5º, 45º, 67.5º and 90º) were constructed and tested under vertical 
compression to generate different range of compression to shear ratios. These five bed joint 
orientations were selected according to the three regions and two points identified in FE 
prediction. There are explained below:  
 
 Panel orientation 0°- Point D 
 Panel orientation 22.5°- Region C 
 Panel orientation 45°- Region B 
 Panel orientation 67.5°- Region A 
 Panel orientation 90°- Point E 
X  
(a) 
(b) 
y
y
n  
n  p  
p  
np  
Y  
  
(b) 
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8.3.1 Unit  
Half scale hollow concrete block of dimensions 185 mm (Long) 90 mm (Wide) 90 mm 
(Thick) as shown in Figure 8.9(a) have been used in this investigation. The blocks were 
donated by the Canada Masonry Design Centre and imported to Australia. These half scale 
blocks have helped reducing the ultimate load levels and hence are regarded as low risk 
products to get through any stringent laboratory risk assessment procedure prior to testing. 
Further details of the manufacturing of these blocks and their suitability to masonry research 
can be found in Harry and Gajanan (1999). The half scale blocks also minimised the efforts in 
handling the specimens. Previous works on half scale clay brick conventional masonry by 
Page (1981) and Dhanasekar (1985) have shown that the scale effects are negligible in this 
nature of examination. 
 
 
Figure 8.9: Half scale block compression test. 
 
The compressive strength was determined by using the procedures in the AS/NZS 4456.4 
(2003). The block compression tests were carried out using a servo-hydraulic MTS controller 
with a double acting actuator with measuring range up to 300 kN as shown in Figure 8.9(b). 
The average compressive strength of 18.43 MPa was obtained with coefficient of variation of 
6.6%. The complete compressive strength results of half scale block are given in Table D.1 in 
Appendix D.  
(b) Block compression testing (a) Half scale block 
185mm 
90mm 
90mm 
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8.3.2 Mortar 
The 4% PCM mortar that was used in Part-1 experimental studies in chapter 4 was selected in 
this investigation. The mortar mixing process and water content were kept the same as in the 
chapter 4 to prepare the PCM mix. 
 
Being proprietary material, the ingredients of the PCM could not be scaled down (to half 
scale) to be consistent with the half scale units used in this study. This mismatch is expected 
to affect the results conservatively, as seemingly ‘double’ size particles in the PCM could not 
fill the valleys in the surfaces of the half scale units and hence could result in lower bond 
strength than what could happen in a full scale real world construction where possibly such 
filling could be natural. Thus non-scaling of the ingredients of the PCM could only be seen to 
result in reduced bond strength in the specimen; therefore no further effort was made to adjust 
the scaling mismatch. 
 
8.3.3 Specimen preparation 
As the test specimens are designed to have inclined bed joints as shown in Figure 8.10, 
requirement of odd shaped blocks are unavoidable. Individually cutting these blocks can be 
cumbersome. Therefore it was decided to construct panels of sufficient size and cut the test 
specimens from them as shown in Figure 8.10. Skilled professionals for concrete cutting were 
hired to cut the required size specimens from larger thin layer mortared concrete masonry 
specimens. The cut panel sizes are given in Table 8.6. For each bed joint orientation six 
panels were tested, which resulted total of 30 thin layer mortared concrete masonry panels 
tested under axial compression.  
 
Table 8.6: Constructed panel dimensions and dimensions after cutting. 
Specimen orientation to 
bed joint 
Panel dimensions 
(mm) 
Specimen dimensions 
after cutting (mm) 
0º 454×371×90 454×371×90 
22.5º 636×557×90 454×371×90 
45º 636×743×90 454×371×90 
67.5º 545×557×90 454×371×90 
90º 464×363×90 464×363×90 
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Figure 8.10: Panels constructed to prepare five different bed joint orientations. 
 
The constructed panels are shown in Figure 8.11(a). The after construction panels were 
wrapped with plastic sheets and kept under cover to prevent evaporation of moisture and 
facilitate proper curing of mortar. After 7 days of construction, the covers were removed and 
0° 
22.5° 
45° 
67.5° 
90° 
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the panels were allowed to dry cure till the testing day as it was found a good method of 
curing in chapter 6.   
 
 
Figure 8.11: Specimen preparations.  
 
The panels of bed joint orientations 0° and 90° did not require any cutting, because it was 
constructed as in the required size. The cutting of specimens from larger panels was carried 
out after 14 days of casting (after gained sufficient strength). The dimensions were properly 
marked (Figure 8.11(b)) on the panels with angle tracker and cutting was carried out along 
the marked line to maintain the accuracy of cut specimen dimensions. 225 mm diameter 
diamond edge saw was used for specimen cutting. The Figure 8.11(b), (c) and (d) show the 
processes of creating panels with inclined bed joint orientation.  
 
8.3.4 Experimental set-up 
The schematic diagram of test set-up is shown in Figure 8.12. The panels were aligned 
between the platens of testing machine carefully to avoid eccentricity in loading. To avoid the 
(a) Constructed panels (b) Panel before cutting 
(c) Cutting of panels (d) Cut panel 
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contact of steel to the surfaces of the masonry specimen, 6 mm plywood caps were placed 
between face-shells of the panels and the plates of loading machine. Full contact between 
upper and lower surfaces of panels and surfaces of steel plates of testing machine were 
ensured prior to the test.  
 
 
Figure 8.12: Schematic diagram of testing arrangement.  
 
The tests were performed under displacement control in order to obtain the complete load-
displacement curves of the specimens. All the panel tests were carried out using a servo-
hydraulic MTS controller with a double acting actuator with measuring range up to 300 kN. 
A 300kN load cell of precision with 0.0001kN was used and the data were recorded using 
LABVIEW software. Full view of the test setup is shown in Figure 8.13(a). All the tests were 
carried out at the Queensland University of Technology Banyo structural testing laboratory. 
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Figure 8.13: Full experimental set-up and data details of acquisition (a) whole set-up 
and (b) LVDT fittings. 
 
8.4 Experimental combined shear-compression: Results and Discussions 
8.4.1 Failure patterns 
The panels of bed joint orientation 0º under uniaxial compression failed due to web-shell 
splitting and vertical cracking of the face-shells as shown in Figure 8.14. The face-shell 
cracking occurred close to 95% of the ultimate load. The early cracking of the web shells 
indicates the presence of bending stresses caused by the action of deep beam spanning 
between the loaded face-shells. During the web shell cracking, mortar crushing was also 
observed at the corners of the panels. The vertical cracks on face-shell/perpend joints were 
due to the different rates of lateral expansion of the units and mortar under compressive 
stresses, which caused tensile splitting of unit and perpend joints.  
 
(a) Full test set-up 
(b) LVDT positions 
Digital camera to acquire images  
Actuator  
Specimen 
Data acquisition system 
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Figure 8.14: Failure pattern of 0º panels. 
 
The 22.5º panels depicted mixed modes of failures. Block cracking combined with bed joint 
sliding was observed as shown in Figure 8.15. The cracking was noticed at around 95% of the 
total failure load similar to orientation 0° panels. 
 
 
Figure 8.15: Failure pattern of 22.5º panels. 
 
The bed joint orientation 45º panels failed purely along the inclined bed joints. There was no 
distress on blocks. The dominance of shear stress in the 45º orientation is thus obvious in 
Figure 8.16. The failures of the 45º panels were more sudden and brittle compared to the 
0°and 22.5° panels. 
 
Cracks 
Cracks 
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Figure 8.16: Failure pattern of 45.0° panels. 
 
The bed joint orientation 67.5º panels failed along the inclined bed joints as shown in Figure 
8.17 due to relatively higher shear stresses and lower normal stresses. The joint shear bond 
strength in thin layer mortared concrete masonry is thus the most critical parameter that 
governs the failure of this form of masonry.  
 
 
Figure 8.17: Failure pattern of 67.5° panels. 
 
The bed joint orientation 90º panels failed due to vertical cracking of joints and web-shell 
splitting as it can be seen from Figure 8.18. The failures of these specimens were brittle and 
most of the specimens collapsed with sudden cracks. The vertical cracking of joint in this 
orientation was caused by the shear/tensile bond failure of the unit-mortar interface and the 
web-shell splitting originated by deep beam bending of web-shells. Therefore the failures of 
this orientation under the load parallel to bed joint are governed by the transverse 
tensile/shear bond strength at the bed joints. 
 
Crack 
Crack 
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Figure 8.18: Failure pattern of 90° panels. 
 
8.4.2 Experimental strengths of panels 
The average strength of the tested panels and corresponding coefficient of variation are 
presented in Table 8.7. The strengths were calculated using the face-shell area (12243 mm
2
) 
of the specimens. The complete strength results of panels are given in Table D.2 of Appendix 
D. The anisotropic nature of thin layer mortared concrete masonry is evident from the data in 
Table 8.7. The uniaxial compressive strength of panels varies considerably with the change in 
bed joint angle. The normal, parallel and shear stresses were calculated from Equation (8.1) to 
(8.3) and given in Table 8.7. 
 
Table 8.7: Strength properties of thin layer mortared concrete masonry panels. 
Specimen 
orientation 
to bed 
joint 
Number 
of 
specime
ns 
Average 
uniaxial 
compressive 
stress (MPa) 
COV 
(%) 
Stress 
normal to 
bed joint 
(MPa) 
Stress 
parallel to 
bed joint 
(MPa) 
Shear 
stress 
acting on 
bed joint 
(MPa) 
0º 6 10.45 9.77 10.45 0 0 
22.5º 5 9.38 9.29 8.00 1.37 3.32 
45º 6 7.68 6.79 3.84 3.84 3.84 
67.5º 6 7.51 9.54 1.10 6.41 2.65 
90º 6 8.28 16.61 0 8.28 0 
 
 
Figure 8.19 shows the variation of average compressive stress with the bed joint orientation 
with one standard deviation bar. 
 
Crack 
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Figure 8.19: Variation of uniaxial compressive capacity of thin layer mortared concrete 
masonry with different bed joint orientations. 
 
The average compressive strength perpendicular to bed joint (i.e. loading angle 0º to bed 
joint) was the highest (10.45MPa). In this bed joint orientation, the compressive strength is 
mainly affected by the block compression capacity. 
 
The panels of bed joint orientations 22.5º, 45º and 67.5º failed at lower loads compared to the 
0º panels. For these orientations the capacity is affected by the block strength and the shear 
bond characteristics of the joints. The average strength of the 90º panels was nearly 20% less 
than that of the 0º panels. In this orientation, the applied compressive load was resisted by 
block compressive strength and the shear/tensile interfacial bond strength. However from the 
observed failure mode, it can be said that the joint strength governed the failure of this 
orientation due to the early splitting of block-mortar joint failure.  
 
It can be seen from Table 8.7, with the lower level of compressive stress the shear stress 
increase up to nearly 3.5 MPa. However beyond normal stress level of 6 MPa, the shear 
stresses decrease with any further increase in normal stress. It attributes to the change of 
failure mode from block/interface cracking failure to pure interface slip failure mode. 
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8.4.3 Deformation of thin layer mortared concrete masonry under combine shear-
compression stress  
8.4.3.1 Strategies of deformation measurements 
Deformation of the specimens was measured using digital image correlation (DIC) and 
conventional linear variable differential transducers (LVDTs). Due to technical difficulties of 
fitting three LVDTs, only two LVDTs were used on each of the specimen. Thus only the 
vertical and the lateral displacements/strains were measured as shown in Figure 8.13(b). 
Normally in masonry testing practice, the recommended gauge length is at least one third of 
the specimen length. Therefore a gauge length of 250 mm was used in the LVDT 
measurements. 
 
For DIC analysis, a digital camera was set up on a tripod in such a manner it provides good 
coverage of the test specimen as shown in Figure 8.13(a). The camera shutter was remotely 
controlled through special purpose software specific to the camera. In this investigation, 
digital images (5-7 megapixels) taken at 10 seconds interval from start to the end of each test 
resulted in a total of 50-75 images and used in the determination of strains. 
 
This DIC method of deformation analysis was explained in detail in chapter 4 section 4.3.4. 
The procedure may be illustrated through a typical example shown in Figure. 8.20. A zone of 
approximately 180 mm (High) × 225 mm (Wide) was chosen for the analysis. The selected 
zone was divided into 16 × 23 patches, with the size of a typical patch as 50×50 pixels.  
 
Mid points of six patches P1, P2, Q1, Q2, R1 and R2 were selected (refer to Figure 8.20) to 
analyse the axial, lateral and diagonal strains. In order to calculate the axial strain, the vertical 
coordinate difference between the points P1-P2 (in every successive image from initial 
undeformed image) were considered and the axial strains were calculated using Equation 
(4.2) in section 4.3.4 in chapter 4. Similarly to calculate the lateral strain, the horizontal 
coordinate variations between the points Q1-Q2 (in every successive image from initial 
undeformed image) were calculated and from Equation (4.1) the lateral strains were obtained. 
The points R1 and R2 were used to calculate the diagonal strain along 45º angle. 
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Figure 8.20: Thin layer concrete masonry panel divided into patches and points selected 
for DIC analysis. 
 
8.4.3.2 Analysis of panel strains 
Since only two LVDTs were used on each panel, the complete state of the strains 
 , ,xx yy xy    or  , ,n p np   could not be determined. However, these measurements 
provided insight into the elastic modulus and Poisson’s ratio of thin layer mortared concrete 
masonry. On the other hand DIC analysis provided the versatility to measure strain at 
different orientations including vertical ( y ) and horizontal ( x ) strains. Therefore panel 
strains at vertical, horizontal and strain along a 45 line were analysed through DIC method. 
The positions of strain measurements are indicated on Figure 8.21.  
 
1P
 
2P  
1Q  2Q  
1R  
2R  
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Figure 8.21: Positions of strain measurement on the panel. 
 
These three linear strains  45, ,xx yy   provided sufficient information to determine the 
normal and parallel strains  &n p  and the shear strain  np on the plane of the panel. The 
three strains ,( , )n p np    at bed joints were found from the below strain transformation 
Equations (8.4) to (8.5).  
 
  451 sin 2 cos 2 2
2 2
xx yy xx yy
p sin
   
    
 
       (8.4) 
  451 sin 2 cos 2 2
2 2
xx yy xx yy
n sin
   
    
 
      (8.5) 
45
( )
sin 2 cos 2 cos 2
2 2
xx yy xx yy
np
   
    
  
    
 
   (8.6) 
 
8.4.3.3 Uniaxial axial and lateral deformations of the panels. 
The stress-strain (axial and lateral) behaviour of thin layer mortared concrete masonry was 
determined from the experimental data and presented in Figure 8.22. The uniaxial 
compressive stresses were calculated from the load data. The corresponding axial and lateral 
strains were calculated from axial and lateral strain measurement from LVDTs and DIC 
analysis. 
y  
x  
45  
Y 
X 
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Figure 8.22: Stress-strain relationship of thin layer mortared concrete masonry panels. 
 
Since the images were analysed with specific time intervals (not continuous) DIC plots are 
not as smooth as the conventional LVDT measurements. However sufficient information can 
be gathered from this deformation analysis. Relatively good match of deformation 
measurement was found from both methods. 
 
The axial deformation under compressive load perpendicular to bed joint is higher compared 
to other orientations. This is due to the high deformation capacity of masonry perpendicular 
0º 22.5º 
90° 
45º 67.5º 
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to the bed joint than other orientations. The compressive load parallel to the bed joint showed 
the lowest deformability when compared to other orientations. This is due to the sudden 
shear/tensile separation of masonry interface under load parallel to the bed joint. The axial 
strain at failure has varied between 0.0016 - 0.0023 in thin layer mortared concrete masonry 
panels tested under uniaxial compression. Similarly the lateral strain that is the deformation 
perpendicular to loading direction varied between 0.0004 - 0.0006.  
 
The displacement controlled compression loading was applied on the panels to get the 
complete load-displacement response. However the softening branches of uniaxial 
compression stress to strain were not obtained in the test results. Except the bed joint 
orientation 0º, all other panel orientations were failed mostly in interface brittle manner. It is 
also observed in previous bond tests on thin layer mortared concrete masonry that the 
interface failure showed brittle nature. Therefore this could be the reason for the absence of 
softening branches in stress-strain responses of thin layer mortared concrete masonry panels 
under compression. Also it is widely reported in literature that the face-shell bedded masonry 
fails in more brittle nature than full-bedded masonry. 
 
The modulus of elasticity was determined as the average secant modulus using a line drawn 
from the origin of the curve to 40% of the measured maximum stress. This region usually lies 
well within the reasonable linear part of the curves. The Poisson’s ratio was also calculated 
from the lateral strain at the same load level. The shear modulus of thin layer mortared 
concrete masonry with the specific bed joint orientation was calculated from basic 
relationship between the elastic modulus and Poisson’s ratio. The calculated material 
parameters are presented in Table 8.8. 
 
The average elastic modulus of 0º panel is higher than the other orientations and 45º panel 
showed the lowest average elastic modulus amongst the group. The average Poisson’s ratio is 
the highest for 45º and the lowest for 90º panels. The 45º panels depicted higher average 
Poisson’s ratio, because of the interface sliding failures occurred in the 45º panels. The 90º 
panel show lowest average Poisson’s ratio due to the tensile joint brittle failure nature. The 
shear modulus as per BS EN 1996-1-1:2005 is 0.4 times of the elastic modulus. The data in 
Table 8.8 (the last column) is consistent with this clause. 
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Table 8.8: Average elastic properties in uniaxial direction. 
Specimen Average 
elastic 
modulu
s(MPa) 
COV 
(%) 
Poisson’s 
ratio 
 
COV 
(%) 
Average 
shear 
modulus 
(MPa) 
COV 
(%) 
Shear 
Modulus 
to 
Elastic 
Modulus 
Ratio 
0º 5955 10.4 0.28 7.7 2330 10.1 0.39 
22.5º 5034 10.4 0.28 4.6 1972 9.4 0.39 
45º 4792 6.7 0.32 10.1 1813 5.3 0.38 
67.5º 5178 8.4 0.30 6.2 2019 9.2 0.39 
90º 5580 15.0 0.21 28.5 2314 15.8 0.41 
 
 
8.4.4 Deformation of joints 
The normal, parallel and shear stresses were calculated from the stress transformation from 
the applied compressive stress to respective orientation as given in Equations (8.1) - (8.3). 
Similarly the strain of normal, parallel and shear to bed joints were calculated from the 
Equations (8.4) - (8.6). Figure 8.23 shows plots of normal strain vs. normal stress, parallel 
strain vs. parallel stress and shear strain vs. shear stress; these plots are referenced to the bed 
joint of thin layer mortared concrete masonry under five different bed joint orientations and 
therefore are considered representative to the deformation of these joints.  
 
Figure 8.23(a) shows the normal stress vs. normal strain variations to different bed joint 
orientations. The largest normal strain (0.0023) was developed when the bed joint was 
orientated at 0°. With the increase in the bed joint angle, the normal strain has reduced to 
0.00076 (for bed joint orientation 67.5°), which was the effect of increase in shear. The slope 
of the lines onto which these points lie reduced with the increase in the presence of shear (or 
steeper angles of the bed joints). Figure 8.23(b) shows the parallel stress vs. parallel strain 
plots for different bed joint orientations. The highest parallel strain occurred in bed joints 
orientated 90° to the horizontal. The slope of the lines onto which these points lie, increases 
with the reduction in shear. The aberration to this inference is the 22.5° data, which was 
possibly a DIC sensitivity error due to very small strain (movement of particles). 
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Figure 8.23: Normal, parallel and shear stress- strain plots of thin layer mortared 
concrete masonry panels. 
 
Figure 8.23(c) presents shear stress vs. shear strain plots for different bed joint orientations. 
The shear stress-strain curve has not displayed any effect of the normal stresses. The slope of 
the best fit lines of those points less than 40% of maximum shear stress is approximately 
(a) Normal stress vs. Normal strain 
(b) Parallel stress vs. Parallel strain 
 
(c) Shear stress vs. shear strain 
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2000MPa, which corresponds well with the average shear modulus reported in Table 8.8. It 
also can be noted from Figure 8.23(c), the ultimate shear strain at failure is around 0.0013, 
which is slightly less than the ultimate shear strain obtained in shear bond studies (i.e without 
pre-compression).  
 
8.5 FE validation of combined shear-compression behaviour 
To validate the FE model, the combined shear-compression strengths obtained from 
experimental panel tests have been used. The Figure 8.6(a) and (b) is represented below in 
Figure 8.24(a) and (b) respectively with experimental combined shear-compression strengths.  
 
 
Figure 8.24: FE and experimental shear stress variation with normal and parallel 
compressive stress. 
 
(a) Normal –Shear stress variation 
(b) Parallel –Shear stress variation 
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The compressive strength normal to the bed joint of 10.35 MPa and 10.45 MPa were obtained 
in FE model and experimental tests respectively. The variation between the FE model and 
experimental compressive strengths normal to bed joint is only 1%. In addition the 
compressive strength parallel to the bed joint of 9.36 MPa and 8.28 MPa were obtained in FE 
model and experimental tests respectively. The variation between the FE model and 
experimental compressive strengths parallel to bed joint is nearly 13%. It can be said that FE 
model predicted the compressive strength normal and parallel to the bed joints with 
acceptable accuracy.   
 
The normal, parallel and shear stresses obtained from experimental tests are plotted in Figure 
8.24(a) and (b) to compare the shear stress prediction of FE model. The predicted FE shear 
stresses from Figure 8.24(a) and (b) are given in Table 8.9 with experimental shear stresses. 
The ratios ( Exp FE  ) between experimental and FE prediction shear strengths are calculated 
to check the accuracy of FE prediction. Only the FE prediction of 22.5° panel test results 
varies 47% and 27% from Figure 8.24(a) and (b) respectively. Otherwise reasonability good 
agreements between FE and experimental shear strengths are found.  
 
 
Table 8.9: Validity of FE and experimental shear stress predictions. 
 
Experimental 
(MPa) 
FE Shear 
stress from 
Figure 
8.23(a) 
(MPa) 
FE Shear 
stress from 
Figure 
8.23(b) 
(MPa) 
Experimental 
shear stress 
(MPa) 
Exp FE
   
Normal 
stress 
(MPa) 
8.00 2.26 - 3.32 1.47 
3.84 3.88 - 3.84 0.99 
1.10 2.37 - 2.65 1.12 
Parallel 
stress 
(MPa) 
1.37 - 2.61 3.32 1.27 
3.84 - 3.88 3.84 0.99 
6.41 - 2.47 2.65 1.07 
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8.6 Part-2: Biaxial behaviour of thin layer mortared concrete masonry 
The masonry structural elements such as shear walls, walls supported on beams and infilled 
walls are subjected to in-plane loads that are in a state of biaxial stresses. Many 
comprehensive experimental and numerical research efforts have been made to understand 
biaxial behaviour of conventional masonry by past researchers as explained in chapter 2. 
However the knowledge of biaxial behaviour of thin layer mortared concrete masonry is 
limited, not much research endeavours were made in this subject.   
 
To develop a failure envelop of thin layer mortared concrete masonry subjected to in-plane 
loads, it is necessary to experimentally analyse many different panels subjected to various 
combinations of biaxial stresses, such as compression-compression, compression-tension and 
tension-tension. However testing larger number of experimental biaxial tests is expensive and 
time consuming.  
 
Therefore in this section the developed FE model in part-1 was used to analyse the biaxial 
behaviour of thin layer mortared concrete masonry. Totally 13 combinations of different 
stress states were simulated in FE modelling for bed joint angles of 0° and 90° to principle 
stresses with different stress ratios as given in Table 8.10. The biaxial loading cases 
considered in this part-2 FE analysis are shown in Figure 8.25. 
 
 
Table 8.10: Biaxial loading cases considered with different stress ratios. 
Stress state Stress ratio ( n p  ) 
Uniaxial compression (UC) 0,   
Biaxial compression (CC) 0.2, 0.5, 1, 2, 5 
Biaxial tension-compression (TC) -0.1, -0.2, -5,-10 
Uniaxial tension (UT) 0,   
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Figure 8.25: Biaxial loading cases considered in the part-2 FE analysis. 
 
The FE masonry panel was kept same as part-1 to analyse the biaxial behaviour of thin layer 
mortared concrete masonry. Also the same material and interface properties were used as 
part-1 in the biaxial analysis. In order to maintain the uniform stress state in the masonry 
panel, biaxial loads were applied as increasing pressure rate (i.e. keeping the pressure ratio 
same at a given time) during the analysis. 
 
8.6.1 Results and Discussions 
8.6.1.1 Failure modes 
The failure mode under uniaxial compression normal and parallel to the bed joints are given 
in Part-1. Biaxial compression failure mode and stress distributions of stress ratios of 5 and 
0.2 are shown in Figure 8.26. Under biaxial compression stresses mostly compressive failure 
of panel was noticed. For biaxial compression stress ratios more than one, interface separation 
(a) Compression 
perpendicular to bed joint 
(b) Compression Parallel to 
bed joint 
(c) Biaxial compression 
(d) Biaxial Tension-compression 
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bed joint 
(e) Tension perpendicular 
to bed joint 
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at perpend joint was noticed with higher applied compressive stress normal to the bed joint, 
which is similar to compression normal to bed joint failure. For biaxial Compression stress 
ratios less than one, interface separation at bed joint was noticed with higher applied 
compressive stress parallel to the bed joint.  
 
 
Figure 8.26: Vertical and lateral stress distribution under biaxial compression ( n p
 
= 
5 and 0.2). 
 
Biaxial compression-tension failure mode and stress distributions of stress ratios of -0.1 and -
10 are shown in Figure 8.27. Interface separation at bed joint was notice with the applied 
tensile stress normal to bed joint with compressive stress parallel to bed joint. Since the 
tensile strength of masonry joint is the least strength in the masonry assembly, it is obvious 
that interface tensile separation failure could occur during the tensile-compression loading 
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state. Also interface separation at perpend joint was noticed with the applied tensile stress 
parallel to bed joint with compressive stress normal to the bed joint.   
 
Uniaxial tension failure modes normal and parallel to the bed joints are presented in Figure 
8.28. Interface separation at bed joint for uniaxial tension normal to bed joint and interface 
separation on perpend joints for uniaxial tension parallel to bed joint were observed in FE 
models. Since the tensile strength of masonry joint is the least strength in the masonry 
assembly, it is apparent that the interface tensile separation failure could occur during the 
tensile loading states. 
 
 
Figure 8.27: Vertical and lateral stress distribution under biaxial compression ( n p
 
= 
-0.1 and -10). 
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Figure 8.28: Uniaxial stress distribution for tensile stress normal and parallel to bed 
joints. 
From the failure modes derived from FE biaxial analyses, the thin layer mortared concrete 
masonry mostly reproduce similar failure modes that observed in conventional masonry. 
 
8.6.1.2 Failure strength  
The failure strengths for each stress states were taken from FE output and summarised in 
Table 8.11. The Figure 8.29 displays the failure envelop in terms of normal ( n ) and parallel 
stresses ( p ) of bed joints.  
 
For the biaxial compression-compression region, with the dominant compressive stresses on 
one direction tend to increase the compressive capacity of thin layer mortared concrete 
masonry. The biaxial compression capacity tends to increase nearly up to 20% from uniaxial 
compression capacity (i.e. uniaxial compression capacity normal to the bed joint). For the 
biaxial tension-compression stress state, with the applied compressive stress (either parallel or 
normal to bed joint) the tensile capacity of thin layer mortared masonry tends to reduce 
almost to zero when the compressive stresses reaches the highest value.  
 
 
 
 
(e) Vertical stress distribution 
n p
  =   
(b) Lateral stress distribution 
n p
  = 0 
0 7.
n
MPa   
1 1.
n
MPa   
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Table 8.11: Strength results of biaxial FE analyses. 
Case 
Stress ratio      
( n p  ) 
Stress normal 
to bed joint σn 
(MPa) 
Stress parallel 
to bed joint σp 
(MPa) 
UC   -10.35 0.00 
CC 5 -11.94 -2.44 
CC 2 -12.88 -6.50 
CC 1.00 -12.60 -12.64 
CC 0.5 -5.97 -11.94 
CC 0.2 -2.15 -10.75 
UC 0 0.00 -9.36 
TC -0.1 0.54 -5.40 
TC -0.2 0.59 -2.96 
UT   0.60 0.00 
UT 0 0.00 1.09 
TC -5 -5.45 1.09 
TC -10 -7.40 0.74 
 
 
Biaxial strength envelops proposed by Dhanasekar (1985) and Kattab (1993) are compared 
with thin layer mortared concrete masonry strength envelop. Since different material 
strengths were used in each tests, comparison is shown in non-dimensional form in 
Figure.8.30. In order to get the non-dimensional strength, the biaxial strengths were divided 
by the compression strength normal to bed joint ( mf ). 
 
 
Figure 8.29: Biaxial strength envelop of bed joint angles 0° and 90° for thin layer 
mortared concrete masonry. 
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Figure 8.30: Thin layer mortared concrete, conventional clay and full grouted concrete 
masonry biaxial failure envelops of bed joint angles 0° and 90°. 
 
It can be seen from Figure 8.30, that the biaxial failure envelop of thin layer mortared 
concrete masonry is consistent with conventional clay and grouted concrete masonry. Also 
failure modes obtained from FE analysis also indicate similar to conventional masonry 
failures under biaxial loading cases. Therefore the in-plane biaxial behaviour of thin layer 
mortared concrete masonry can be reasonably assumed as conventional masonry. 
 
8.7 Summary  
Behaviour of thin layer mortared concrete masonry under combined shear-compression stress 
states was investigated. Initially FE models were used to predict the thin layer mortared 
concrete masonry behaviour under combined shear-compression stress state. Later the thin 
layer mortared concrete masonry behaviour under combined shear-compression stress states 
were experimentally determined through panel compression tests with five different bed joint 
orientations. Finally FE prediction of thin layer mortared concrete masonry was validated 
with experimental finding. Good agreements were found between FE prediction and 
experimental results. Later the developed FE model was used to develop biaxial strength 
envelop of thin layer mortared concrete masonry for bed joint angles of 0° and 90°. Following 
conclusions have been made from this chapter investigation: 
 
1. The FE element modelling technique was used to validate the thin layer mortared 
concrete masonry behaviour under combined shear-compression stress state 
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experimental studies. Relatively good agreement between experimental and FE 
results in terms combined shear-compression strengths. 
2. Even though enhanced bond and compressive strength characteristics found in 
previous chapters in thin layer mortared concrete masonry, this masonry system 
behaves as conventional masonry in combined shear-compression stresses. All the 
failure modes reflect the similar nature of conventional masonry failures. The 
failures occurred through block or interfaces depend on the loading orientation. 
All failures were sudden and brittle in nature.  
3. The biaxial strength envelop developed for thin layer mortared concrete masonry 
for bed joint angles of 0° and 90° shows similar pattern of conventional clay 
masonry and full grouted concrete masonry.  
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Chapter 9 : Design recommendations  
9.1 Introduction 
AS 3700 (2011) does not specify the characteristic flexural bond and shear bond provisions 
for the concrete masonry containing thin layered polymer cement mortar. The experimental 
bond studies carried out on thin layer mortared concrete masonry with polymer cement 
mortar have generated considerable data to develop design recommendation to AS 3700 
(2011). This chapter reports such recommendations. 
 
9.2 Recommendations for bond strength provisions 
9.2.1 Current AS3700 (2011) provisions on bond strength 
The provisions provided in AS 3700 (2011) for determination of characteristic flexural bond 
strength is given below from clause 3.3.3: 
 
 
 
 
 
 
 
 
 
 
The provisions provided in AS 3700 (2011) for determination of characteristic shear bond 
strength is given below from clause 3.3.4: 
 
 
The characteristic flexural tensile strength (
'
mt
f ) for unreinforced, reinforced and 
Prestressed masonry shall be as follows: 
At mortar joints: 
(1) For clay, concrete and calcium silicate masonry (except special masonry), a value not greater than 0.20 
MPa. 
(2) For AAC masonry with thin-bed joints (except special masonry), a value not greater than 0.26 MPa. 
(3) For special masonry, a value obtained from tests in accordance with Appendix D, but not greater than 
1 MPa. 
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It can be seen from above two clauses, AS 3700 (2011) does not provide characteristics 
design flexural and shear strength for thin layer mortared concrete masonry made with 
polymer cement mortar. Therefore characteristic flexural and shear bond strengths of thin 
layer mortared concrete masonry were determined (Data from Table 9.1 and 9.2) as 
according to method specified in Appendix B of AS 3700 (2011). 
 
9.2.2 Bond strength data from this PhD thesis 
A summary of flexural bond and shear strengths of thin layer mortared concrete masonry 
reported in chapter 4 and 6 are given in Table 9.1 and 9.2.  
 
A total of 147 shear triplets and 147 flexural beams were tested. Although these tests cover a 
range of parameters such as the unit surface textures, the mortar application methods, the 
polymer content, the unit height tolerance, the dry curing method and the wet curing method, 
the range of the mean bond strengths of thin layer mortared concrete masonry reported in 
Tables 9.1 and 9.2 was minimal – for example, the spread of mean flexural bond strength was 
just 1.1% and that of the shear bond strength was 5.5%. Therefore, the average of the means 
The design characteristic shear strength (
'
ms
f ) shall be as follows: 
(a) For shear in the horizontal direction in continuous horizontal mortar joints: 
 For masonry constructed with clay, concrete or calcium silicate units, the design characteristic 
shear strength (
'
ms
f ) shall be taken as 1.25
'
mt
f , but not greater than 0.35 MPa, nor less than 
0.15 MPa. 
 For AAC masonry with thin-bed mortar, the design characteristic shear strength (
'
ms
f ) shall be 
taken as 0.67
'
ut
f . 
(b) For shear in the vertical direction: 
 Where neither connectors nor masonry header units cross the shear plane, the design 
characteristic shear strength (
'
ms
f ) shall be taken as zero. 
 Where connectors in accordance with Clause 4.11 intersect the shear plane, the design 
characteristic shear strength (
'
ms
f ) shall be taken as— 
o For mortar joints—1.25
'
mt
f or 0.35 MPa, whichever is less; or 
o For thin-bed mortar joints—zero. 
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is considered representative magnitude of bond strength. Therefore the mean flexural bond 
strength is considered as 0.85MPa and the mean shear bond strength is considered as 
0.91MPa. From these means, based on the number of data points (147 each) and the 
coefficient of variation, corresponding characteristic strengths were determined using the 
provisions in Appendix B of AS3700 (2011). The characteristic flexural and shear bond 
strengths are 0.45 MPa and 0.50 MPa respectively. It can be inferred that these bond 
strengths are approximately double that of the conventional masonry (0.20 MPa & 0.25 MPa 
respectively for flexural and shear bond strengths).  
 
Table 9.1: Summary of flexural bond strength. 
Flexural bond 
test 
Parameters investigated Number of 
tests 
Mean flexural 
bond strength 
(MPa) 
COV 
(%) 
Chapter 4: Part 1 1. Unit surface texture 
2. Polymer mortar type 
3. Mortar application 
methods 
120 0.86 30.5 
Chapter 6 1. Curing methods 
2. Age of testing 
27 0.85 16.3 
  Total= 147 Average Mean = 
0.85MPa 
29.6 
 
 
Table 9.2: Summary of shear bond strength. 
Shear bond test Parameters investigated Number of 
tests 
Mean flexural 
bond strength 
(MPa) 
COV 
(%) 
Chapter 4: Part 1 1. Unit surface texture 
2. Polymer mortar type 
3. Mortar application 
methods 
54 0.90 25.6 
Chapter 4: Part 1 1. Unit height variance 45 0.94 36.7 
Chapter 6 1. Curing methods 
2. Age of testing 
48 0.89 31.4 
  Total= 147 Average Mean 
=0.91MPa 
32.1 
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9.2.3 Relationship between the shear and flexural bond strengths 
In this section an attempt has been made to develop a relationship between shear and flexural 
bond strengths of thin layer mortared concrete masonry. The mean flexural bond strengths are 
plotted against the mean shear bond strength of the masonry as shown in Figure 9.1 to 
examine the evidence of correlation if any from regression analysis.  
 
Figure 9.1: Relationship between flexural and shear bond strength. 
 
The solid block data is plotted in filled points and solid lines. The conventional block data is 
plotted in unfilled points and broken line. The msf and mtf  are the mean shear and flexural 
bond strengths respectively. The lateral modulus of rupture strength of the solid block (3.14 
MPa) and hollow block (1.19 MPa) are shown in vertical solid and broken lines respectively 
in the graph. These lines define the limit of the application of any relationship that may exist 
between the shear and tensile bond strengths of the masonry. 
 
Linear relationship between the shear and tensile bond strength is apparent for low bond 
masonry as given in Equation (9.1) and (9.2) which always failed due to delamination 
masonry bond. However when the bond is increased to cause unit lateral rupture of units, 
there seems to be an exponential law relationship between these two bond strengths (unfilled 
data points) as given in Equation (9.3), which can be explained as below: 
 
 Chapter 9 Page 193 
 
 
1.11 0.012ms mtf f       (9.1) 
0.84 0.17ms mtf f        (9.2) 
4.480.017 mtfmsf e       (9.3) 
 
 
1. Where the unit lateral modulus of rupture strength is closer to the flexural bond 
strength of masonry, the flexural bond beam test specimens exhibit tensile failure of 
units; however, the triplets containing the same mortar would still fail through the 
mortar layers as the blocks cannot be failed due to lack of compressive/ tensile 
stresses in them. As a result, the flexural bond strength does not increase any further 
although the shear bond strength exhibit monotonous increase (without being limited 
by the strength of units). 
2. Where the unit lateral modulus of rupture strength is very large (as in solid units 
shown in blue in the graph) no flexural failure of the units occurred in the bond beam 
tests and hence all test data appear trending linearly as given in Equation (9.1) and 
(9.2). 
3. Although further testing is required to confirm the exponential relationship as given in 
Equation (9.3), beyond a threshold flexural bond strength it is believed that the linear 
relationship between the shear and tensile bond strengths should not be used; an 
exponential relationship that will define asymptotic increase in shear bond strength 
beyond the threshold flexural bond strength can lead to economical designs of higher 
bond, thin layer mortared masonry. 
 
Based on the above discussions and assuming the ratio between the unit lateral modulus of 
rupture strength and the limiting flexural bond strength remains a constant, it is calculated 
that the threshold limit of the tensile bond strength of solid masonry will be 2.3MPa, beyond 
which an exponential (or power law) will prevail. For simplicity of design, the exponential 
law may be replaced with a straight line of steep slope. Even though the developed 
relationships are limited to two block types; these relationships can be taken in design of thin 
layered mortared concrete masonry walls using polymer based mortars, when only one of the 
bond strengths is known. 
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9.3 Summary  
It is recommended that the polymer cement mortared masonry be provided with design 
flexural bond strength of 0.45 MPa and its design shear bond strength as 0.50 MPa.  
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Chapter 10 : Summary and conclusions 
10.1 Summary 
The thin layer mortared concrete masonry is an emerging masonry construction system. 
However the lack of understanding of material and structural behaviour hinders its 
application in Australia. This thesis made an attempt to contribute to improve the 
understanding of thin layer high adhesive concrete masonry as a building system. 
 
The key parameters that influence the behaviour of thin layer mortared concrete masonry are:  
(1) unit surface characteristics 
(2) unit height variance 
(3) composition of mortar and  
(4) curing methods  
 
These parameters were examined in this thesis. Additionally the behaviour of thin layer 
mortared concrete masonry under different state of stresses were investigated and reported. 
Both experimental and FE analyses were conducted to improve the knowledge and 
understanding of thin layer mortared concrete masonry system.  
 
The bond between the unit and the mortar is essential to the behaviour of masonry. Therefore 
in the initial phase of this research, an investigation into the bond behaviour of thin layer 
mortared concrete masonry was undertaken. With a view to tightly controlling the unit 
surface characteristics, solid concrete units were cut and the surfaces treated with further 
grinding or sand blasting to modify the roughness. The roughness was measured using 
Talysurf machine. As concrete masonry is practiced with wide ranging units of various 
shapes and sizes, the data from the masonry bond obtained using solid and surface treated 
units were used to calibrate a nonlinear finite element model.  
 
The prediction of the model for other hollow blocks of various sizes, shapes and scale (half or 
full) have been validated through experiments on beam specimens subject to flexural tension, 
triplet specimens under vertical shear, stack bonded prisms under uniaxial compression and 
masonry panels subject to compression and shear.  A total of 372 specimens were constructed 
 Chapter 10 Page 196 
 
and tested. All specimens were constructed using polymer-cement mortar only. A novel non-
contact, digital image correlation (DIC) method was used to measure the deformation 
(strains) of the specimens. Strength, stiffness, nonlinear hardening parameters and surface 
characteristics essential for finite element modelling are determined and reported. 
 
A micro nonlinear finite element modelling technique involving modelling of the units, 
mortar layers and interfaces on both sides of the mortar layers was developed, calibrated 
using the experimental data sets and used to predict the response of various masonry 
specimens (involving solid, hollow, full scale and half scale units) under simple (flexural 
tension, shear and compression) and complex (combined shear and compression and biaxial 
pressures normal and parallel to bed joint as well as shear traction) states of stresses. 
 
From the bond studies reported in this thesis, characteristic shear and flexural bond strength 
were determined and recommend to AS 3700 (2011). 
 
10.2 Conclusions  
From the work reported in this thesis, several general and specific conclusions have emerged as 
stated in this section. 
 
10.2.1 General conclusions 
1. It is possible to employ concrete masonry units and polymer cement mortars in 2 mm 
-4 mm thick layers for the construction of masonry. 
2. The height of the concrete masonry unit must be tightly controlled to ensure 2 mm 
thick mortar layers; for this purpose the current products must have to undergo 
additional process of grinding which can reduce the roughness of the unit surface. 
3. Reduction in unit surface roughness is beneficial for bond development, because 
smoother unit surface allow uniform spread of thin layer mortar than the rougher 
surface units.  
4. The increase in flexural bond strength of masonry is limited by the lateral modulus of 
rupture of units. Where the flexural bond strength is higher than the lateral modulus of 
rupture of the units, the failure mode of masonry will modify from interface 
debonding to unit fracture.  
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5. The shear bond strength of masonry is not affected by the strength of units. Therefore 
the conventional wisdom of relating the shear bond strength with a linear function of 
flexural bond strength will not be applicable for thin layer mortared concrete 
masonry. 
6. Polymerisation process in polymer cement mortar entraps moisture from evaporation 
and uses for polymer membrane formation. Therefore, dry curing method could be 
beneficial for thin layer mortared concrete masonry. 
7. Thin layer mortared masonry can be modelled using micro elements of units and 
mortar connected with their respective interfaces.  
8. The thin mortar layer and increased bond strength reduce the incompatible 
deformation of unit and mortar under compression and hence increase its compressive 
strength. 
9. Non-contact digital image correlation (DIC) method can be adopted for measuring 
deformation of masonry, which can be cost-effective.  
10. The polymer cement mortar – unit combination adopted in this thesis mostly resulted 
in interface bond failure under shear and flexure. Therefore, there is little evidence 
emerged from the study for modifying the existing modelling/ design methods that 
consider the mortar layers as planes of weakness. 
 
10.2.2 Specific conclusions 
1. Controlling the thickness of mortar layer through traditional trowel or brushing 
technique leads to better bond strength of masonry than dipping and roller techniques.   
2. The change in polymer content in mortar in the range of 2% - 4% did not significantly 
influence the bond characteristics of thin layer mortared concrete masonry. 
3. Mortar joint thickness variation of ±1.0 mm has minimal effects on shear bond 
strength of thin layer mortared concrete masonry.  
4. Approximately 12% increase in compressive strength was found in 4mm thick 
polymer cement mortared concrete masonry than a 4 mm thick conventional cement 
mortared concrete masonry. 
5. The compressive strength of H block (with limited number of web shells) masonry is 
approximately 25% lower than that of the hollow block (with all web shells) prisms. 
This is because the absence of end web-shells in H blocks reduces the lateral support 
to the loaded face shells. 
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6. It is recommended that the characteristic shear and flexural bond strengths of thin 
layer mortared concrete masonry shall be 0.5 MPa and 0.45 MPa respectively. These 
bond strengths are approximately twice that of the conventional concrete masonry as 
per the current provisions in AS3700 (2011). 
 
10.3 Recommendations for further research  
There are several recommendations listed as follows which could further improve the 
understanding of thin layer mortared concrete masonry: 
 
1. The theories in this thesis have been developed from the testing of concrete masonry 
containing a proprietary polymer cement mortar. Further testing using other available 
mortars would help extending the datasets and improve the theories. 
2. Influences on unit suction properties, mortar workability and atmospheric variations 
to thin layer mortared concrete masonry should be assessed to further understand the 
bond characteristics. 
3. Further studies on compressive strength of thin layer mortared masonry are needed 
with varying block types and mortar types to check the compatibility of characteristic 
compressive strength design provisions of AS 3700 (2011). 
4. This thesis has mainly focused on the monotonic behaviour of thin layer mortared 
concrete masonry. Considering the deformability properties of thin layer mortared 
masonry, cyclic load behaviour should be examined prior to application into seismic 
zones. However when reinforcements could be considered, thin layer mortared 
masonry might well be equally applicable in seismic zones as the reinforced 
conventional masonry. 
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Appendix A: Complete experimental data for chapter 4 
 
Table A.1: Unit lateral modulus of rupture data of Chapter 4. 
No Specimen 
Failure load 
(N) 
Strength 
(MPa) 
1 Block1 4263.35 2.90 
2 Block2 4,757.73 3.22 
3 Block3 4,482.20 3.01 
4 Block4 4,225.26 2.89 
5 Block5 4,769.44 3.28 
6 Block6 5,037.66 3.57 
 
Table A.2: Solid block compression test data of Chapter 4. 
No Specimen 
Failure load 
(N) 
Strength 
(MPa) 
1 Block1 100562.57 12.35 
2 Block2 95361.34 11.77 
3 Block3 105326.65 12.79 
4 Block4 110656.98 13.66 
5 Block5 90264.65 11.02 
6 Block6 116566.65 14.39 
 
Table A.3 Flexural bond data from Part-1 study in Chapter 4. 
No Specimen 
Mass of 
Specimen 
(Kgs) 
Failure 
Load(N) 
Strength 
(MPa) No Specimen 
Mass of 
Specimen 
(Kgs) 
Failure 
Load(N) 
Strength 
(MPa) 
1 CT2-1 6.15 2339.60 1.01 61 CR3-1 6.29 1432.99 0.62 
2 CT2-2 6.09 2478.60 1.07 62 CR3-2 6.30 1700.66 0.73 
3 CT2-3 6.15 2787.40 1.20 63 CR3-3 6.20 1979.39 0.86 
4 GT2-1 6.12 2736.70 1.18 64 GR3-1 6.33 2126.12 0.92 
5 GT2-2 6.20 2835.20 1.23 65 GR3-2 6.35 2017.49 0.87 
6 GT2-3 6.29 2467.90 1.07 66 GR3-3 6.30 2168.53 0.94 
7 CD2-1 6.25 1540.83 0.67 67 CB3-1 6.26 3420.24 1.48 
8 CD2-2 6.15 0.00 0.00 68 CB3-2 6.31 2260.01 0.98 
9 CD2-3 6.14 1324.90 0.57 69 CB3-3 6.28 3584.57 1.55 
10 CD2-4 6.20 1325.63 0.57 70 CB3-4 6.23 2256.33 0.97 
11 CD2-5 6.15 1526.61 0.66 71 CB3-5 6.23 1936.65 0.84 
12 GD2-1 6.12 1968.40 0.85 72 GB3-1 6.33 3030.86 1.31 
13 GD2-2 6.18 1804.40 0.78 73 GB3-2 6.34 3299.16 1.43 
14 GD2-3 6.10 1754.20 0.76 74 GB3-3* 6.33 3186.75 1.38 
15 CR2-1 6.22 1385.60 0.60 75 SR3-1 6.32 1301.48 0.56 
16 CR2-2 6.14 1438.50 0.62 76 SR3-2 6.33 1247.93 0.54 
17 CR2-3 6.17 1234.70 0.53 77 SR3-3 6.34 1384.73 0.60 
18 GR2-1 6.18 1934.20 0.84 78 SB3-1 6.22 1404.96 0.61 
19 GR2-2 6.10 1838.20 0.79 79 SB3-2 6.25 1689.56 0.73 
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20 GR2-3 6.24 2407.90 1.04 80 SB3-3* 6.23 0.00 0.00 
21 ST2-1 6.26 2146.90 0.93 81 CT4-1 6.33 2394.02 1.03 
22 ST2-2 6.24 1289.80 0.56 82 CT4-2 6.35 2972.33 1.28 
23 ST2-3 6.28 1146.90 0.50 83 CT4-3 6.35 3028.88 1.31 
24 SD2-1 6.12 1076.20 0.47 84 CD4-1 6.30 1785.90 0.77 
25 SD2-2 6.20 995.90 0.43 85 CD4-2 6.29 2221.06 0.96 
26 SD2-3 6.22 1115.50 0.48 86 CD4-3 6.28 1638.96 0.71 
27 CB2-1 6.26 2797.60 1.21 87 CD4-4 6.22 1568.46 0.68 
28 CB2-2 6.30 0.00 0.00 88 CD4-5 6.23 1763.90 0.76 
29 CB2-3 6.32 2176.30 0.94 89 CR4-1 6.31 2184.67 0.94 
30 CB2-4 6.28 1865.39 0.81 90 CR4-2 6.21 1954.29 0.84 
31 CB2-5 6.25 1965.17 0.85 91 CR4-3 6.30 2285.76 0.99 
32 GB2-1 6.19 2466.00 1.07 92 GT4-1 6.29 2498.33 1.08 
33 GB2-2 6.20 2400.10 1.04 93 GT4-2 6.29 0.00 0.00 
34 GB2-3 6.27 2731.10 1.18 94 GT4-3 6.32 3193.63 1.38 
35 SB2-1 6.32 1985.64 0.86 95 CB4-1 6.36 2376.16 1.03 
36 SB2-2 6.28 1355.61 0.59 96 CB4-2 6.28 2025.12 0.88 
37 SB2-3 6.32 1176.45 0.51 97 CB4-3 6.29 2099.29 0.91 
38 SR2-1 6.20 938.68 0.41 98 CB4-4 6.25 2165.37 0.94 
39 SR2-2 6.22 1035.60 0.45 99 CB4-5 6.29 2235.60 0.97 
40 SR2-3 6.22 0.00 0.00 100 GB4-1 6.29 1969.87 0.85 
41 CT3-1 6.33 2399.98 1.04 101 GB4-2 6.25 2263.66 0.98 
42 CT3-2 6.29 3300.01 1.43 102 GB4-3 6.25 2339.22 1.01 
43 CT3-3 6.35 2554.60 1.10 103 ST4-1 6.29 
1893.27 0.82 
44 CD3-1 6.36 1362.24 0.59 104 ST4-2 6.33 
2012.76 0.87 
45 CD3-2 6.18 1202.42 0.52 105 ST4-3 6.31 
1516.89 0.66 
46 CD3-3 6.15 1498.50 0.65 106 SD4-1 6.26 1532.57 0.66 
47 CD3-4 6.15 1469.35 0.63 107 SD4-2 6.35 1611.12 0.70 
48 CD3-5 6.18 1565.65 0.68 108 SD4-3 6.31 1456.37 0.63 
49 GT3-1 6.27 3258.10 1.41 109 GR4-1 6.30 2126.12 0.92 
50 GT3-2 6.28 2496.61 1.08 110 GR4-2 6.26 2217.49 0.96 
51 GT3-3 6.28 2549.97 1.10 111 GR4-3 6.30 2368.53 1.02 
52 GD3-1 6.25 2030.10 0.88 112 GD4-1 6.28 2130.10 0.92 
53 GD3-2 6.29 1986.99 0.86 113 GD4-2 6.33 2086.99 0.90 
54 GD3-3 6.31 0.00 0.00 114 GD4-3 6.31 2145.69 0.93 
55 ST3-1 6.15 1270.91 0.55 115 SB4-1 6.28 0.00 0.00 
56 ST3-2 6.19 1836.61 0.79 116 SB4-2 6.35 1581.01 0.68 
57 ST3-3 3.18 1848.18 0.80 117 SB4-3 6.27 1784.32 0.77 
58 SD3-1 6.17 1094.09 0.47 118 SR4-1 6.32 1410.14 0.61 
59 SD3-2 6.23 1492.92 0.65 119 SR4-2 6.33 1133.19 0.49 
60 SD3-3 6.28 1232.05 0.53 120 SR4-3 6.31 1663.24 0.72 
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Table A.4: Shear bond data from Part-1 study in Chapter 4. 
No Specimen 
Mass of 
Specimen 
(Kgs) 
Failure 
Load 
(KN) 
Strength
(MPa) No Specimen 
Mass of 
Specimen(
Kgs) 
Failure 
Load 
(KN) 
Strength
(MPa) 
1 CB2-1 2.76 18996.32 1.17 28 GD3-1 2.75 19859.20 1.23 
2 CB2-2 2.69 17155.76 1.06 29 GD3-2 2.69 13603.49 0.84 
3 CB2-3 2.68 19454.25 1.20 30 GD3-3 2.72 14001.87 0.86 
4 SB2-1 2.72 12389.32 0.76 31 SD3-1 2.73 10616.40 0.66 
5 SB2-2 2.75 10043.45 0.62 32 SD3-2 2.74 9945.45 0.61 
6 SB2-3 2.73 11468.21 0.71 33 SD3-3 2.7 11598.56 0.72 
7 SD2-1 2.7 8564.36 0.53 34 SB3-1 2.68 12347.57 0.76 
8 SD2-2 2.73 7653.69 0.47 35 SB3-2 2.71 10816.71 0.67 
9 SD2-3 2.74 8169.36 0.50 36 SB3-3 2.68 11557.57 0.71 
10 CD2-1 2.71 9295.45 0.57 37 GB4-1 2.68 22528.88 1.39 
11 CD2-2 2.71 10104.47 0.62 38 GB4-2 2.71 19623.36 1.21 
12 CD2-3 2.69 0.00 0.00 39 GB4-3 2.7 20623.36 1.27 
13 GD2-1 2.74 16018.88 0.99 40 GD4-1 2.73 16811.29 1.04 
14 GD2-2 2.75 8494.15 0.52 41 GD4-2 2.73 19794.87 1.22 
15 GD2-3 2.76 15436.99 0.95 42 GD4-3 2.69 15132.65 0.93 
16 GB2-1 2.71 17122.83 1.06 43 CD4-1 2.75 14380.96 0.89 
17 GB2-2 2.68 14970.61 0.92 44 CD4-2 2.73 18574.33 1.15 
18 GB2-3 2.7 19158.58 1.18 45 CD4-3 2.73 11408.88 0.70 
19 CB3-1 2.73 23299.20 1.44 46 CB4-1 2.69 19563.24 1.21 
20 CB3-2 2.71 13603.49 0.84 47 CB4-2 2.71 20242.18 1.25 
21 CB3-3 2.75 11001.87 0.68 48 CB4-3 2.66 20124.15 1.24 
22 CD3-1 2.72 16627.40 1.03 49 SB4-1 2.77 12413.41 0.77 
23 CD3-2 2.75 11979.45 0.74 50 SB4-2 2.74 12420.36 0.77 
24 CD3-3 2.76 0.00 0.00 51 SB4-3 2.76 13445.25 0.83 
25 GB3-1 2.75 15356.87 0.95 52 SD4-1 2.75 11640.33 0.72 
26 GB3-2 2.73 17806.71 1.10 53 SD4-2 2.71 11540.82 0.71 
27 GB3-3 2.74 18987.95 1.17 54 SD4-3 2.68 10551.31 0.65 
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Table A.5: Secant shear modulus calculated for Part-1 study in Chapter 4. 
Specimen Shear modulus/(MPa) Specimen 
Shear 
modulus/(MPa) 
GD2-1 360.87 GB2-1 430.56 
GD2-2 378.66 GB2-2 512.36 
GD2-3 - GB2-3 - 
CD2-1 295.12 CB2-1 418.63 
CD2-2 333.56 CB2-2 513.89 
CD2-3 - CB2-3 - 
SD2-1 269 SB2-1 334.98 
SD2-2 223 SB2-2 315.56 
SD2-3 - SB2-3 - 
GD3-1 446.66 GB3-1 522.56 
GD3-2 418.88 GB3-2 474.26 
GD3-3 383.33 GB3-3 - 
CD3-1 409.23 CB3-1 524.65 
CD3-2 341.15 CB3-2 359.23 
CD3-3 - CB3-3 - 
SD3-1 360.55 SB3-1 212.35 
SD3-2 310 SB3-2 272.86 
SD3-3 265.83 SB3-3 - 
GD4-1 362.33 GB4-1 553.53 
GD4-2 583.33 GB4-2 436.56 
GD4-3 393.35 GB4-3 - 
CD4-1 402.33 CB4-1 523.85 
CD4-2 473.92 CB4-2 405.63 
CD4-3 - CB4-3 - 
SD4-1 270.29 SB4-1 325.85 
SD4-2 298.83 SB4-2 214.63 
SD4-3 370 SB4-3 - 
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Table A.6: Shear bond data from Part-2 study in Chapter 4. 
Specimen 
Mass of 
specimen 
(Kgs) 
Failure load 
(N) 
Strength 
(MPa) Specimen 
Mass of 
specimen 
(Kgs) 
Failure 
load (N) 
Strength 
(MPa) 
Series1-1 2754.75 17551.95 1.13 Series4-1 2799.00 16,981.75 1.12 
Series1-2 2786.72 11998.99 0.79 Series4-2 2879.00 17,363.30 1.15 
Series1-3 2781.14 21503.71 1.42 Series4-3 2827.00 17,055.49 1.11 
Series1-4 2804.62 17043.21 1.12 Series4-4 2867.00 10,705.86 0.70 
Series1-5 2967.94 14900.00 0.98 Series4-5 2833.00 18,724.11 1.26 
Series1-6 2797.14 15535.65 1.00 Series4-6 2847.00 18,722.44 1.27 
Series1-7 2960.00 14862.11 0.99 Series4-7 2920.00 18,470.50 1.19 
Series1-8 2920.00 21478.50 1.41 Series4-8 2840.00 13,278.94 0.88 
Series1-9 - - - Series4-9 2840.00 15,207.35 1.00 
Series2-1 2807.13 13193.29 0.88 Series5-1 2759.56 7783.23 0.52 
Series2-2 2760.19 10081.62 0.66 Series5-2 2845.54 3757.89 0.25 
Series2-3 2733.21 13541.39 0.91 Series5-3 2779.05 6977.53 0.45 
Series2-4 2770.20 20954.15 1.40 Series5-4 2780.58 10658.48 0.69 
Series2-5 2796.77 15041.25 1.00 Series5-5 2750.59 10061.22 0.66 
Series2-6 2841.47 16007.31 1.06 Series5-6 2799.40 5447.83 0.36 
Series2-7 2860.00 19483.36 1.29 Series5-7 2960 7251.84 0.48 
Series2-8 2800.00 30474.20 2.03 Series5-8 2900 10272.83 0.68 
Series2-9 2880.00 13683.43 0.90 Series5-9 2920 3316.66 0.22 
Series3-1 2770.00 9726.97 0.64 
    Series3-2 2763.05 12647.88 0.84 
    Series3-3 2811.77 17419.57 1.16 
    Series3-4 2741.20 12795.67 0.86 
    Series3-5 2759.79 - - 
    Series3-6 2768.55 11607.31 0.78 
    Series3-7 2880.00 14960.08 1.00 
    Series3-8 2720.00 16506.99 1.09 
    Series3-9 2720.00 17128.87 1.14 
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Table A.7: Secant shear modulus calculated for Part-2 study in Chapter 4. 
Specimen Shear modulus (MPa) 
Series1-1 478.50 
Series1-2 573.12 
Series1-3 435.56 
Series2-1 461.77 
Series2-2 415.86 
Series2-3 406.81 
Series3-1 578.36 
Series3-2 472.39 
Series3-3 458.31 
Series4-1 466.25 
Series4-2 410.36 
Series4-3 360.29 
Series5-1 254.26 
Series5-2 208.55 
Series5-3 189.56 
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Table A.8: Cut block size of Part-2 chapter 4 shear bond studies with notation. 
 
Block Notation 
Sample 
L1 
(mm) 
L2 
(mm) 
L3 
(mm) 
L4 
(mm) 
AVG 
W1 
(mm) 
W2 
(mm) 
W3 
(mm) 
W4 
(mm) 
AVG 
D1 
(mm) 
D2 
(mm) 
D3 
(mm) 
D4 
(mm) 
AVG 
A A-1 171.5 172.2 172.3 172.0 172.00 55.0 55.5 55.0 55.2 55.18 43.5 43.0 43.9 43.0 43.35 
  A-2 172.0 172.2 172.0 172.5 172.18 55.3 55.6 55.2 55.1 55.30 45.0 44.7 44.5 44.8 44.75 
  A-3 172.0 172.6 171.8 172.3 172.18 55.8 55.6 55.6 55.8 55.70 44.0 43.7 44.5 44.6 44.20 
  A-4 171.7 172.0 172.0 171.9 171.90 55.3 55.7 55.3 55.6 55.48 44.0 43.7 44.0 44.5 44.05 
  A-5 172.0 171.9 172.1 172.0 172.00 55.6 55.7 55.0 54.9 55.30 44.4 44.1 42.7 43.0 43.55 
  A-6 172.0 172.1 172.0 172.1 172.05 54.8 54.9 55.6 55.8 55.28 43.8 44.0 43.3 43.5 43.65 
  A-7 171.5 172.0 171.9 172.0 171.85 55.7 55.9 54.7 54.6 55.23 44.3 43.4 44.0 43.3 43.75 
  A-8 171.5 171.7 171.7 172.0 171.73 54.9 54.8 55.8 55.8 55.33 43.9 44.2 44.6 44.4 44.28 
  A-9 172.4 172.1 172.5 172.3 172.33 55.2 55.4 54.4 54.2 54.80 44.2 44.4 47.7 47.3 45.90 
  A-10 172.6 172.1 172.3 172.5 172.38 54.6 54.5 55.5 55.7 55.08 40.6 40.2 43.8 43.9 42.13 
  A-11 171.5 171.6 171.5 171.7 171.58 55.0 55.0 55.2 55.8 55.25 41.6 42.5 43.7 42.8 42.65 
  A-12 171.4 172.1 172.0 171.3 171.70 54.1 54.6 55.5 55.5 54.93 45.0 45.4 46.3 46.7 45.85 
  A-13 171.9 171.9 171.9 171.5 171.80 55.9 55.7 54.9 55.1 55.40 44.8 45.4 45.1 45.0 45.08 
  A-14 171.6 172.1 171.6 172.0 171.83 54.5 54.8 55.7 55.5 55.13 43.3 42.8 43.4 43.8 43.33 
  A-15 172.8 172.4 172.5 172.6 172.58 54.9 55.1 54.5 55.1 54.90 43.2 43.0 43.7 43.7 43.40 
  A-16 171.9 171.9 171.5 172.1 171.85 55.1 54.4 55.3 55.6 55.10 43.7 43.4 44.1 43.7 43.73 
 
A-17 171.5 171.9 171.9 172.0 171.83 55.7 55.7 55.4 55.4 55.55 43.5 43.8 43.9 44.0 43.80 
A-18 172.9 172.5 172.7 172.5 172.65 54.9 54.7 54.9 54.3 54.70 43.9 43.9 44.2 44.4 44.10 
 
B B-1 115.0 114.7 114.8 114.7 114.80 54.3 55.2 55.2 54.4 54.78 44.3 43.0 43.4 42.9 43.40 
  B-2 115.7 115.4 115.7 115.6 115.60 54.6 54.7 54.3 54.2 54.45 44.5 46.0 45.0 44.2 44.93 
  B-3 114.2 114.2 114.1 114.1 114.15 54.4 54.5 54.6 54.6 54.53 45.0 45.4 45.3 45.0 45.18 
  B-4 115.1 115.2 115.2 115.2 115.18 54.8 55.5 55.5 54.8 55.15 44.6 45.4 44.2 45.3 44.88 
  B-5 115.4 115.4 115.4 115.3 115.38 55.3 55.4 55.3 55.2 55.30 42.5 44.5 43.0 43.5 43.38 
  B-6 115.3 115.0 115.3 114.8 115.10 54.6 54.6 54.7 55.0 54.73 44.0 44.7 45.8 45.6 45.03 
  B-7 114.9 114.8 115.2 115.1 115.00 54.8 55.5 55.0 55.6 55.23 44.8 44.3 44.6 45.0 44.68 
  B-8 115.3 115.0 115.0 115.0 115.08 54.2 55.2 55.4 54.9 54.93 45.2 44.2 45.5 44.8 44.93 
  B-10 115.5 115.7 115.7 115.3 115.55 54.3 55.0 55.0 54.5 54.70 45.6 45.6 44.8 44.6 45.15 
  B-11 115.0 114.9 115.2 115.0 115.03 54.9 55.0 54.4 54.4 54.68 44.8 44.4 45.9 46.1 45.30 
  B-13 114.9 115.4 115.0 114.9 115.05 55.9 56.0 54.8 55.1 55.45 43.0 44.0 43.8 43.1 43.48 
  B-14 114.9 115.3 115.0 114.8 115.00 54.9 55.4 55.5 55.8 55.40 43.8 44.1 55.6 55.5 49.75 
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  B-15 115.2 115.4 115.4 115.1 115.28 54.8 54.7 54.6 54.7 54.70 44.6 44.4 45.1 45.0 44.78 
  B-16 114.6 115.0 114.8 114.5 114.73 55.5 55.4 55.6 55.7 55.55 44.1 44.2 44.3 44.0 44.15 
  B-17 115.2 115.4 115.6 115.7 115.48 54.9 54.9 55.1 55.1 55.00 44.4 44.6 44.0 44.1 44.28 
  B-18 115.6 115.3 115.5 115.7 115.53 54.6 54.5 54.3 54.2 54.40 44.6 44.6 45.4 44.5 44.78 
  B-20 115.9 115.7 115.6 115.7 115.73 55.8 55.8 55.2 55.0 55.45 43.7 44.0 44.2 44.7 44.15 
  B-21 115.1 115.1 115.1 115.3 115.15 55.6 55.6 55.5 55.6 55.58 46.5 46.3 47.0 46.2 46.50 
  B-23 115.1 115.3 115.1 115.2 115.18 55.8 55.9 55.1 55.2 55.50 44.0 43.8 42.8 42.7 43.33 
  B-24 115.8 115.6 115.4 115.3 115.53 55.0 55.0 55.6 55.6 55.30 45.4 44.0 44.3 44.0 44.43 
  B-25 114.6 114.2 114.7 114.7 114.55 56.0 55.6 55.7 55.5 55.70 43.6 43.5 43.5 44.0 43.65 
  B-26 115.2 115.3 115.7 115.5 115.43 55.2 55.1 54.6 54.6 54.88 44.8 44.8 45.7 45.8 45.28 
  B-27 115.5 115.7 115.8 115.8 115.70 55.2 55.4 54.8 54.6 55.00 43.2 43.2 43.1 44.0 43.38 
  B-28 115.1 115.0 115.1 115.2 115.10 55.5 55.3 56.0 56.0 55.70 44.4 44.1 44.6 44.1 44.30 
  B-30 115.4 115.7 115.7 115.4 115.55 54.9 54.8 54.9 55.0 54.90 43.9 43.9 44.5 44.6 44.23 
  B-31 115.3 115.5 115.0 115.1 115.23 54.8 54.6 54.6 54.8 54.70 44.5 43.6 44.5 45.0 44.40 
  B-32 115.4 115.3 115.3 115.5 115.38 55.0 55.2 55.7 55.7 55.40 43.2 42.5 42.4 42.0 42.53 
  
  
B-34 115.7 115.6 115.8 115.9 115.75 55.1 54.7 54.9 54.9 54.90 44.6 44.6 43.9 43.6 44.18 
B-38 114.8 115.0 115.2 115.0 115.00 54.8 54.8 55.3 55.5 55.10 44.2 44.8 44.0 44.4 44.35 
  B-39 114.9 114.7 115.0 115.0 114.90 54.5 54.6 55.5 55.5 55.03 44.2 44.5 44.5 44.4 44.40 
  B-40 115.3 115.7 115.3 115.2 115.38 55.3 55.1 56.0 56.3 55.68 43.5 43.5 44.2 44.0 43.80 
  B-41 114.6 115.1 115.2 114.8 114.93 55.7 55.5 55.3 55.0 55.38 44.8 44.6 44.5 44.4 44.58 
  B-42 115.0 115.2 115.0 115.2 115.10 54.8 54.7 55.7 55.6 55.20 44.0 44.7 44.4 44.8 44.48 
  B-43 114.9 115.1 115.1 114.9 115.00 55.4 55.4 55.0 54.8 55.15 45.6 45.3 45.0 45.1 45.25 
  B-44 114.6 114.5 114.9 114.8 114.70 54.7 54.8 55.1 55.4 55.00 43.9 44.6 43.7 44.1 44.08 
  B-45 115.7 115.3 115.6 115.7 115.58 54.8 54.8 55.3 55.1 55.00 43.8 43.9 43.2 48.3 44.80 
  B-47 114.9 114.7 115.0 115.4 115.00 55.5 55.2 55.9 56.0 55.65 44.5 44.5 44.0 44.3 44.33 
  B-49 114.8 114.7 114.7 114.8 114.75 55.1 55.0 54.8 55.0 54.98 45.7 44.9 44.6 44.4 44.90 
  B-50 115.0 114.6 114.8 115.0 114.85 54.1 54.4 54.6 54.6 54.43 44.1 44.0 44.5 44.5 44.28 
 
B-51 115.1 115.1 115.0 115.1 115.08 56.0 55.7 55.0 55.5 55.55 45.5 44.6 44.7 45.2 45.00 
B-52 115.4 115.2 115.4 115.5 115.38 55.4 55.1 54.7 54.9 55.03 44.6 45.0 44.8 44.2 44.65 
B-53 115.2 115.7 115.7 115.5 115.53 55.1 55.2 55.4 55.3 55.25 43.9 43.9 43.8 43.1 43.68 
B-54 115.0 115.2 115.3 115.4 115.23 55.1 55.1 55.9 55.7 55.45 45.0 44.9 44.7 44.9 44.88 
B-55 114.7 114.9 114.8 115.1 114.88 55.4 55.4 55.3 55.4 55.38 43.9 43.6 44.0 43.6 43.78 
B-56 115.3 115.0 114.9 115.0 115.05 55.5 55.4 55.5 55.6 55.50 44.4 44.1 44.2 44.6 44.33 
  B-57 115.0 115.0 114.9 115.0 114.98 55.1 55.2 55.2 54.7 54.70 43.9 43.1 43.6 43.3 43.48 
  B-58 114.7 114.8 115.0 114.6 114.78 55.5 54.3 54.7 54.9 54.85 44.4 44.2 44.6 44.4 44.40 
   B-59 115.3 115.2 115.4 115.3 115.30 55.5 55.4 54.7 54.7 55.08 46.0 44.9 44.3 43.9 44.78 
  B-60 115.2 115.0 115.4 115.1 115.18 55.0 55.3 54.6 54.7 54.90 43.1 43.4 44.2 43.7 43.60 
  B-61 115.1 114.9 114.8 115.0 114.95 55.8 55.9 55.8 55.5 55.75 44.9 44.4 44.6 44.3 44.55 
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  B-62 115.1 115.1 114.9 114.8 114.98 55.2 54.9 54.8 55.0 54.98 43.7 43.4 43.1 44.0 43.55 
  B-63 114.9 114.7 114.7 114.8 114.78 55.2 55.5 55.7 55.7 55.53 44.3 44.4 44.4 44.0 44.28 
  B-64 115.0 115.3 115.3 115.1 115.18 55.9 55.5 55.7 55.4 55.63 46.7 45.7 45.6 45.3 45.83 
  B-65 114.6 114.7 114.7 114.8 114.70 55.6 55.1 55.8 55.0 55.38 44.0 43.3 43.9 43.4 43.65 
C C-1 54.4 54.5 55.2 55.2 54.83 54.3 54.4 55.2 55.2 54.78 43.8 44.0 44.3 44.8 44.23 
  C -2 55.0 55.2 55.0 55.1 55.08 55.2 55.4 55.2 54.9 55.18 44.8 44.5 44.5 44.3 44.53 
  C -3 54.3 54.5 55.1 55.1 54.75 55.2 55.2 54.5 54.4 54.83 44.6 44.4 45.1 45.0 44.78 
  C -4 54.8 55.0 54.7 54.7 54.80 54.9 54.8 55.0 54.8 54.88 44.5 44.2 44.7 45.0 44.60 
  C -5 55.7 55.0 55.6 55.5 55.45 55.1 55.4 55.0 55.4 55.23 45.2 44.7 44.4 44.7 44.75 
  C -6 54.6 54.5 54.6 54.4 54.53 54.6 54.8 55.0 54.7 54.78 45.0 44.8 45.0 44.6 44.85 
  C -7 55.1 55.0 55.5 55.1 55.18 55.1 55.8 55.1 55.4 55.35 44.3 44.5 43.5 44.4 44.18 
  C -8 55.4 54.7 55.8 54.6 55.13 54.8 55.6 54.8 55.4 55.15 44.2 44.6 44.4 44.5 44.43 
  C -10 55.2 55.0 55.4 55.0 55.15 54.8 55.5 54.9 55.4 55.15 44.7 44.3 44.5 44.6 44.53 
  C-11 55.0 55.0 55.0 55.1 55.03 55.1 55.0 55.0 54.9 55.00 42.7 43.0 43.2 43.7 43.15 
  C-12 55.7 55.8 55.9 55.6 55.75 55.6 55.7 55.5 55.4 55.55 46.1 46.0 45.3 45.4 45.70 
  C-13 54.6 54.6 54.6 54.4 54.55 54.6 54.4 54.7 54.7 54.60 44.7 44.8 44.9 44.9 44.83 
  C-14 55.6 54.3 55.0 54.4 54.83 54.5 55.6 54.4 55.4 54.98 44.9 44.8 44.5 44.6 44.70 
  C-15 55.0 55.1 55.3 55.0 55.10 55.0 55.4 55.2 55.4 55.25 43.9 43.5 43.4 43.5 43.58 
  C-16 55.1 55.1 55.1 55.3 55.15 55.2 55.2 55.3 55.0 55.18 44.9 44.5 45.1 45.0 44.88 
  C-17 55.8 55.9 55.6 55.6 55.73 55.6 55.7 55.7 55.4 55.60 45.1 45.0 44.5 45.0 44.90 
  C-18 54.7 55.2 55.3 55.5 55.18 55.7 55.6 55.6 55.5 55.60 44.1 44.0 43.8 43.6 43.88 
  C-19 55.4 55.5 55.4 55.7 55.50 55.4 55.3 55.1 55.3 55.28 43.0 43.7 43.8 43.2 43.43 
  C-20 54.6 55.0 54.6 55.0 54.80 55.1 55.0 55.3 54.9 55.08 45.8 45.7 46.3 46.3 46.03 
  C-21 54.2 54.7 54.2 54.6 54.43 54.3 54.5 54.5 54.8 54.53 44.3 44.2 44.4 44.1 44.25 
  C-22 55.0 54.3 54.4 54.6 54.58 54.5 55.6 54.5 55.3 54.98 44.6 44.8 44.3 44.1 44.45 
  C-23 55.2 55.2 55.5 55.1 55.25 55.2 55.8 55.1 55.3 55.35 44.0 43.9 43.5 44.6 44.00 
  C-24 54.9 54.3 55.0 55.0 54.80 54.6 55.4 54.9 55.2 55.03 44.2 44.2 43.7 43.6 43.93 
  C-25 54.9 54.7 54.9 55.0 54.88 54.9 55.3 54.9 54.8 54.98 44.2 43.7 44.3 44.2 44.10 
  C-26 54.9 55.2 55.1 55.3 55.13 55.2 55.1 55.3 55.0 55.15 44.1 44.3 44.3 43.9 44.15 
  C-27 55.8 55.1 55.8 55.2 55.48 55.2 55.6 55.1 55.3 55.30 45.8 45.3 45.4 45.4 45.48 
  C-28 55.1 55.4 55.1 55.8 55.35 55.8 54.8 55.7 55.2 55.38 45.3 45.4 45.3 45.1 45.28 
  C-29 54.7 54.6 55.0 54.7 54.75 54.6 55.3 54.5 55.0 54.85 44.3 44.1 43.8 43.6 43.95 
  C-30 55.1 55.2 55.1 55.4 55.20 55.7 55.3 55.5 55.3 55.45 44.6 44.5 44.1 44.1 44.33 
  C-31 54.6 55.3 54.8 55.3 55.00 55.2 55.1 55.5 55.0 55.20 45.1 44.3 44.4 44.4 44.55 
  C-32 54.9 54.2 55.1 54.3 54.63 55.0 54.8 55.4 54.5 54.93 43.4 43.9 43.5 43.3 43.53 
  C-34 55.2 55.0 55.1 54.4 54.93 54.5 55.1 55.1 55.5 55.05 45.1 45.0 45.3 45.4 45.20 
  C-36 55.3 55.3 55.8 55.1 55.38 55.0 55.6 55.2 55.3 55.28 43.8 43.5 43.5 43.6 43.60 
  C-37 55.7 55.6 55.8 55.5 55.65 55.1 55.7 55.6 55.7 55.53 43.7 43.9 43.9 43.7 43.80 
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  C-38 55.0 55.5 55.0 55.2 55.18 55.6 55.0 55.6 54.9 55.28 44.7 44.3 44.0 44.4 44.35 
  C-39 54.8 55.0 54.6 55.0 54.85 54.9 54.2 55.0 54.2 54.58 44.3 44.4 44.9 45.0 44.65 
  C-40 55.7 55.6 55.2 55.4 55.48 55.6 55.1 55.7 55.6 55.50 44.2 44.3 43.8 43.9 44.05 
  C-41 55.0 54.9 55.2 54.8 54.98 54.8 55.4 55.0 55.2 55.10 45.0 45.1 44.5 44.2 44.70 
  C-43 54.5 54.9 54.4 55.2 54.75 55.3 54.6 55.0 54.5 54.85 45.6 45.0 44.8 45.4 45.20 
  C-44 54.6 55.4 54.8 55.5 55.08 55.4 55.2 55.5 54.8 55.23 45.2 44.8 44.6 44.3 44.73 
  C-50 54.5 54.7 54.3 54.5 54.50 54.4 54.9 55.0 54.9 54.80 44.2 44.0 43.6 43.4 43.80 
  C-51 55.2 54.9 55.4 55.0 55.13 55.0 55.4 55.1 55.0 55.13 43.9 43.7 44.0 44.1 43.93 
  C-54 54.7 55.5 55.0 55.1 55.08 55.1 54.9 55.4 54.9 55.08 44.2 43.8 44.2 44.8 44.25 
  C-55 54.8 54.7 54.9 54.7 54.78 54.6 54.8 54.7 54.7 54.70 44.4 44.9 44.4 44.1 44.45 
  C-56 54.3 54.7 54.6 54.6 54.55 54.8 54.8 54.8 54.7 54.78 43.8 44.0 44.1 43.5 43.85 
  C-59 54.5 54.7 54.3 54.7 54.55 55.0 54.4 54.7 54.2 54.58 44.0 44.2 44.8 43.8 44.20 
  C-60 55.2 55.2 55.3 55.1 55.20 54.8 55.3 55.1 55.3 55.13 44.1 44.0 44.0 44.5 44.15 
  C-61 55.4 54.6 55.4 54.1 54.88 54.5 55.5 54.8 55.5 55.08 42.2 42.9 42.9 43.2 42.80 
  C-62 54.9 55.2 55.4 55.4 55.23 55.3 55.5 55.6 55.2 55.40 43.6 44.4 43.9 43.5 43.85 
  C-63 54.4 55.0 54.4 55.2 54.75 55.1 54.7 55.1 54.7 54.90 43.6 43.6 43.6 43.7 43.63 
  C-64 55.6 55.3 55.7 55.0 55.40 55.2 55.7 55.3 55.3 55.38 44.5 44.5 44.2 44.0 44.30 
  C-65 54.8 55.0 55.5 54.5 54.95 54.3 55.3 54.6 55.2 54.85 45.1 45.2 44.5 44.7 44.88 
  C-66 54.9 54.7 55.0 54.4 54.75 54.6 55.0 54.6 55.0 54.80 44.7 44.2 44.4 44.0 44.33 
  C-67 55.0 55.0 54.7 54.9 54.90 55.0 55.0 54.8 55.0 54.95 43.5 43.9 44.3 44.3 44.00 
  C-68 54.7 54.9 54.7 55.0 54.83 55.0 54.7 54.9 54.5 54.78 43.8 44.0 43.9 43.9 43.90 
  C-69 55.2 55.1 55.1 55.2 55.15 54.8 54.9 55.1 54.9 54.93 43.8 43.3 43.7 44.0 43.70 
  C-70 55.4 55.2 55.6 55.1 55.33 54.6 55.6 54.8 55.6 55.15 44.5 45.3 44.3 45.5 44.90 
 
C-71 54.8 55.2 54.9 54.9 54.95 55.4 54.8 55.1 54.8 55.03 43.7 43.7 43.7 43.6 43.68 
C-72 55.3 54.8 55.4 54.8 55.08 55.3 54.7 55.2 55.2 55.10 43.7 43.2 43.8 43.3 43.50 
C-73 54.9 55.2 54.7 55.6 55.10 55.4 54.8 55.0 54.7 54.98 43.9 43.7 43.9 43.7 43.80 
C-75 54.2 54.1 54.1 54.3 54.18 54.2 54.6 54.1 54.6 54.38 44.9 44.9 44.9 44.5 44.80 
  C-76 55.2 55.2 55.2 55.0 55.15 55.7 55.3 55.2 55.2 55.35 43.4 45.2 43.4 43.9 43.97 
  C-77 54.8 55.1 55.0 54.6 54.88 55.0 55.2 54.9 55.1 55.05 43.0 42.8 43.0 43.4 43.05 
  C-78 55.1 55.4 55.1 55.0 55.15 55.6 55.1 54.9 54.8 55.10 44.2 44.3 44.3 44.3 44.28 
  C-81 54.8 55.0 54.9 55.2 54.98 55.2 55.0 55.0 54.8 55.00 43.4 43.4 43.2 43.2 43.30 
  C-83 54.8 55.0 54.7 55.0 54.88 55.2 54.8 55.0 55.0 55.00 45.3 45.4 45.1 45.2 45.25 
  C-86 54.7 55.0 55.1 55.3 55.03 55.5 54.9 55.0 54.8 55.05 44.0 43.8 44.0 44.2 44.00 
  C-88 55.1 54.7 55.7 54.7 55.05 55.0 55.4 55.7 55.1 55.30 45.3 45.1 45.0 44.6 45.00 
  C-90 54.9 54.7 55.1 55.4 55.03 55.7 55.2 55.6 54.5 55.25 44.1 44.2 44.3 44.3 44.23 
  C-91 54.8 54.8 54.8 55.1 54.88 55.1 55.2 54.8 55.1 55.05 43.5 43.3 43.0 42.8 43.15 
  C-92 54.5 55.6 54.7 55.7 55.13 54.9 55.7 55.8 54.5 55.23 44.6 45.5 45.0 45.0 45.03 
  C-93 55.4 54.7 55.1 54.9 55.03 55.2 55.2 54.9 55.0 55.08 44.8 44.7 44.9 44.9 44.83 
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D D-1 115.6 115.3 115.6 115.6 115.53 57.9 57.8 57.0 57.0 57.43 43.5 43.4 43.3 43.2 43.35 
 
D-2 115.5 115.8 115.8 115.6 115.68 57.9 57.8 57.4 57.3 57.60 44.4 44.4 44.6 44.8 44.55 
 
D-3 114.9 114.7 114.8 115.2 114.90 57.3 57.3 57.0 57.0 57.15 43.2 42.9 43.5 43.0 43.15 
 
D-4 115.0 115.2 115.8 115.5 115.38 57.3 57.3 57.7 57.1 57.35 44.6 44.4 45.2 44.6 44.70 
D-5 114.7 115.0 114.8 114.5 114.75 57.3 57.3 57.4 57.4 57.35 45.3 45.5 44.8 44.9 45.13 
D-8 114.5 114.7 114.7 114.8 114.68 57.5 57.6 56.9 57.0 57.25 43.8 44.5 44.0 44.5 44.20 
 E E-1 115.7 115.9 115.9 115.6 115.78 54.0 53.9 53.6 53.7 53.80 44.8 44.5 45.0 44.8 44.78 
 
E-2 115.7 115.2 115.7 115.9 115.63 54.1 54.3 53.8 54.2 54.10 44.3 44.0 44.0 43.5 43.95 
 
E-3 115.0 115.1 115.1 115.1 115.08 54.1 54.5 53.8 54.2 54.15 45.6 46.0 45.0 45.4 45.50 
 
E-4 114.8 114.6 114.9 115.0 114.83 53.5 53.9 53.3 53.6 53.58 43.7 43.4 44.3 43.7 43.78 
 
E-5 115.0 115.0 115.3 115.3 115.15 53.2 53.2 53.0 53.1 53.13 44.1 44.1 43.4 43.1 43.68 
E-6 115.7 115.7 115.4 115.5 115.58 53.2 53.4 53.3 53.3 53.30 44.3 44.3 44.5 44.2 44.33 
 F F-1 115.0 115.1 115.3 115.0 115.10 59.2 59.3 59.1 59.4 59.25 43.4 43.5 43.6 43.6 43.53 
 
F-2 115.0 115.0 114.9 115.3 115.05 59.0 59.2 59.2 59.3 59.18 45.6 45.6 45.5 45.6 45.58 
 
F-3 115.6 115.3 115.5 115.6 115.50 59.5 59.5 59.1 59.0 59.28 45.0 45.0 44.6 44.8 44.85 
F-4 115.2 115.7 115.7 115.6 115.55 59.1 59.3 58.6 58.8 58.95 43.0 43.3 44.1 43.6 43.50 
F-5 115.1 114.9 115.3 115.5 115.20 59.2 59.4 58.5 59.3 59.10 42.5 42.5 43.3 42.9 42.80 
F-6 115.3 115.5 115.6 115.2 115.40 59.7 59.8 59.5 59.0 59.50 46.0 45.4 45.2 44.8 45.35 
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Appendix B: Complete experimental data for chapter 6 
 
Table B.1: Unit lateral modulus of rupture data of Chapter 6. 
No Specimen 
Failure load 
(N) 
Strength 
(MPa) 
1 CBR1 1350.56 0.93 
2 CBR2 2034.07 1.39 
3 CBR3 1615.27 1.11 
4 CBR4 - - 
5 CBR5 1915.59 1.31 
6 CBR6 1798.86 1.23 
 
 
Table B.2: Shear bond data of Chapter 6. 
No Specimen 
Failure 
load (N) 
Strength 
(MPa) No Specimen 
Failure 
load (N) 
Strength 
(MPa) 
1 S-14-W-1 47.25 0.95 25 S-W-28-16 38.57 0.77 
2 S-14-W-2 35.59 0.71 26 S-W-28-17 - - 
3 S-14-W-3 39.49 0.79 27 S-W-28-18 30.23 0.61 
4 S-14-D-1 43.79 0.88 28 S-W-28-19 33.87 0.68 
5 S-14-D-2 42.72 0.86 29 S-W-28-20 35.72 0.72 
6 S-14-D-3 46.95 0.94 30 S-W-28-21 34.09 0.68 
7 S-28-W-1 45.29 0.91 31 S-W-28-22 46.12 0.92 
8 S-28-W-2 44.54 0.89 32 S-W-28-23 59.43 1.19 
9 S-28-W-3 42.67 0.85 33 S-W-28-24 30.09 0.60 
10 S-W-28-1 42.03 0.84 34 S-W-28-25 33.23 0.67 
11 S-W-28-2 26.92 0.54 35 S-W-28-26 35.15 0.70 
12 S-W-28-3 38.26 0.77 36 S-W-28-27 32.32 0.65 
13 S-W-28-4 52.60 1.05 37 S-W-28-28 12.35 0.25 
14 S-W-28-5 43.74 0.88 38 S-W-28-29 - - 
15 S-W-28-6 81.83 1.64 39 S-W-28-30 21.78 0.44 
16 S-W-28-7 72.31 1.45 40 S-28-D-1 51.18 1.03 
17 S-W-28-8 22.19 0.44 41 S-28-D-2 70.18 1.41 
18 S-W-28-9 23.63 0.47 42 S-28-D-3 31.48 0.63 
19 S-W-28-10 45.31 0.91 43 S-56-W-1 40.73 0.82 
20 S-W-28-11 56.70 1.14 44 S-56-W-2 53.00 1.06 
21 S-W-28-12 12.01 0.24 45 S-56-W-3 45.39 0.91 
22 S-W-28-13 49.69 1.00 46 S-56-D-1 68.81 1.38 
23 S-W-28-14 34.71 0.70 47 S-56-D-2 56.28 1.13 
24 S-W-28-15 38.39 0.77 48 S-56-D-3 68.39 1.37 
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Table B.3: Flexural bond data of Chapter 6. 
No Specimen Failure load (N) Strength (MPa) 
1 B-W-14-1 6.04 0.76 
2 B-W-14-2 5.81 0.73 
3 B-W-14-3 6.88 0.87 
4 B-D-14-1 7.78 0.98 
5 B-D-14-2 6.69 0.85 
6 B-D-14-3 6.22 0.79 
7 B-W-28-1 7.68 0.97 
8 B-W-28-2 6.91 0.87 
9 B-W-28-3 6.11 0.77 
10 B-W-28-4 - - 
11 B-W-28-5 6.66 0.84 
12 B-W-28-6 6.31 0.80 
13 B-W-28-7 5.76 0.73 
14 B-W-28-8 3.17 0.40 
15 B-W-28-9 5.52 0.70 
16 B-W-28-10 6.50 0.82 
17 B-W-28-11 - - 
18 B-W-28-12 2.81 0.36 
19 B-D-28-1 7.21 0.91 
20 B-D-28-2 8.11 1.03 
21 B-D-28-3 7.11 0.90 
22 B-W-56-1 7.08 0.89 
23 B-W-56-2 7.29 0.92 
24 B-W-56-3 7.15 0.90 
25 B-D-56-1 7.45 0.94 
26 B-D-56-2 7.47 0.94 
27 B-D-56-3 8.06 1.02 
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Table B.4: Secant shear modulus calculated for Chapter 6. 
Specimen 
Shear modulus-
LVDT 
Shear modulus-
DIC 
S-W-14-1 350.34 326.98 
S-W-14-2 280.60 370.98 
S-W-14-3 393.34 414.53 
S-D-14-1 369.95 382.63 
S-D-14-2 383.85 412.51 
S-D-14-3 406.24 438.18 
S-W-28-1 413.34 424.39 
S-W-28-2 358.75 417.29 
S-W-28-3 382.34 274.79 
S-D-28-1 505.09 486.97 
S-D-28-2 427.51 461.79 
S-D-28-3 436.69 440.60 
S-W-56-1 410.25 394.22 
S-W-56-2 486.15 492.90 
S-W-56-3 523.97 440.44 
S-D-56-1 626.63 497.04 
S-D-56-2 662.27 613.19 
S-D-56-3 428.96 611.42 
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Appendix C: Complete experimental data for chapter 7 
Table C.1: Compressive strength of concrete blocks from chapter 7. 
No 
Specimen Failure load 
(kN) 
Strength 
(MPa) 
1 Block1 271.26 12.80 
2 Block2 276.87 12.91 
3 Block3 275.37 12.94 
4 Block4 256.65 12.04 
 
 
Table C.2: Compressive strength data of masonry prisms from chapter 7. 
No Specimen 
Failure load 
(kN) 
Strength 
(MPa) No Specimen 
Failure load 
(kN) 
Strength 
(MPa) 
1 Case1-1 148.86 6.94 25 Case4-16 220.92 10.39 
2 Case1-2 134.95 6.29 26 Case4-17 221.08 10.39 
3 Case1-3 162.97 7.6 27 Case4-18 208.04 9.78 
4 Case2-1 159.5 7.44 28 Case4-19 225.97 10.69 
5 Case2-2 148.32 6.91 29 Case4-20 214.61 10.06 
6 Case2-3 168.1 7.84 30 Case4-21 208.04 9.78 
7 Case3-1 195.03 8.26 31 Case4-22 229.29 10.7 
8 Case3-2 203.46 8.77 32 Case4-23 244.11 11.37 
9 Case3-3 190.1 7.84 33 Case4-24 248.04 11.55 
10 Case4-1 177.22 9.09 34 Case4-25 251.08 11.67 
11 Case4-2 188.15 9.49 35 Case4-26 249.12 11.64 
12 Case4-3 168.23 8.86 36 Case4-27 215.39 10.03 
13 Case4-4 191.55 9.06 37 CaseH1-1 107.83 5.03 
14 Case4-5 194.76 9.24 38 CaseH1-2 99.60 4.64 
15 Case4-6 192.57 9.03 39 CaseH1-3 125.12 5.83 
16 Case4-7 204.56 9.57 40 CaseH2-1 131.33 6.12 
17 Case4-8 206.19 9.62 41 CaseH2-2 157.11 7.32 
18 Case4-9 210.14 9.89 42 CaseH2-3 110.75 5.16 
19 Case4-10 218.33 10.21 43 CaseH3-1 - - 
20 Case4-11 215.2 10.11 44 CaseH3-2 144.08 6.72 
21 Case4-12 207.65 9.78 45 CaseH3-3 132.89 6.20 
22 Case4-13 190.48 8.98 46 CaseH4-1 155.81 7.26 
23 Case4-14 211.04 9.86 47 CaseH4-2 143.89 6.71 
24 Case4-15 210.3 9.78 48 CaseH4-3 166.42 7.76 
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Table C.3: Elastic modulus and Poisson’s ratios calculated from chapter 7 prism tests. 
No Specimen 
Elastic modulus 
(MPa) Possion's ratio 
1 Case1-1 0.00 0.25 
2 Case1-2 5032.00 0.30 
3 Case1-3 4342.85 0.26 
4 Case2-1 5952.00 0.24 
5 Case2-2 4606.67 0.25 
6 Case2-3 5226.67 0.22 
7 Case3-1 6608.00 0.19 
8 Case3-2 7016.00 0.18 
9 Case3-3 7272.00 0.20 
10 Case4-1 7592.00 0.18 
11 Case4-2 8200.00 0.16 
12 Case4-3 8860.00 0.21 
13 CaseH1-1 4056.00 0.28 
14 CaseH1-2 3374.55 0.25 
15 CaseH1-3 3468.57 0.28 
16 CaseH2-1 3497.14 0.27 
17 CaseH2-2 5856.00 0.24 
18 CaseH2-3 5160.00 0.27 
19 CaseH3-1 - - 
20 CaseH3-2 5360.00 0.25 
21 CaseH3-3 5643.64 0.23 
22 CaseH4-1 6501.60 0.20 
23 CaseH4-2 7643.26 0.22 
24 CaseH4-3 5360.00 0.21 
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Appendix D: Complete experimental data for chapter 8 
Table D.1: Compressive strength of half scale blocks from chapter 8. 
Specimen Failure load/(kN) Strength (MPa) 
Block 1 116.00965 19.00 
Block 2 123.04505 20.15 
Block 3 108.36985 17.75 
Block 4 100.9325 16.53 
Block 5 114.03005 18.68 
Block 6 112.98035 18.51 
 
Table D.2: Thin layer mortared concrete masonry wallettes strength results from 
chapter 8. 
No Specimen Failure load (kN) Strength (MPa) 
1 0°-1 130.83 10.64 
2 0°-2 132.473.9 10.81 
3 0°-3 111.01 9.04 
4 0°-4 116.75 9.52 
5 0°-5 132.63 10.80 
6 0°-6 146.00 11.89 
7 22.5°-1 124.03 10.13 
8 22.5°-2 127.44 10.41 
9 22.5°-3 103.56 8.46 
10 22.5°-4 106.06 8.64 
11 22.5°-5 113.65 9.26 
12 22.5°-6 - - 
13 45°-1 96.94 7.92 
14 45°-2 86.01 7.03 
15 45°-3 102.14 8.36 
16 45°-4 98.62 8.06 
17 45°-5 92.01 7.50 
18 45°-6 88.65 7.22 
19 67.5°-1 82.26 6.74 
20 67.5°-2 104.94 8.58 
21 67.5°-3 83.92 6.86 
22 67.5°-4 93.11 7.63 
23 67.5°-5 87.56 7.19 
24 67.5°-6 98.20 8.04 
25 90°-1 104.74 8.73 
26 90°-2 128.60 10.72 
27 90°-3 101.05 8.44 
28 90°-4 83.34 6.95 
29 90°-5 88.22 7.33 
30 90°-6 90.03 7.51 
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Table D.3: Elastic modulus and Poisson’s ratios calculated from LVDT and DIC 
measurements. 
No Specimen 
LVDT Elastic 
Modulus 
(MPa) 
LVDT 
Poisson’s ratio  
DIC Elastic 
Modulus (MPa) 
DIC 
Poisson’s 
ratio  
1 0°-1 - - - - 
2 0°-2 - - - - 
3 0°-3 - - - - 
4 0°-4 6893.630 0.30 - - 
5 0°-5 5536.450 0.26 6525.860 0.3235 
6 0°-6 5436.850 0.28 5635.890 0.2863 
7 22.5°-1 - - - - 
8 22.5°-2 - - - - 
9 22.5°-3 - - - - 
10 22.5°-4 5935.65 0.31 5842.63 - 
11 22.5°-5 4923.56 0.25 5135.73 0.2863 
12 22.5°-6* - - - - 
13 45°-1 - - - - 
14 45°-2 - - - - 
15 45°-3 - - - - 
16 45°-4 4942.32 - - 0.32 
17 45°-5 4978.56 0.3465 5233.85 0.37 
18 45°-6 4456.71 0.3025 4553.85 0.30 
19 67.5°-1 - - - - 
20 67.5°-2 - - - - 
21 67.5°-3 - - - - 
22 67.5°-4 - - - 0.32 
23 67.5°-5 5533.85 0.3265 5233.85 0.27 
24 67.5°-6 4823.25 0.2806 4756.3 0.30 
25 90°-1 - - - - 
26 90°-2 - - - - 
27 90°-3 - - - - 
28 90°-4 - - 6286.810 0.20 
29 90°-5 6128.01 0.2365 5536.450 0.26 
30 90°-6 5032.65 0.1865 4436.850 0.22 
 
